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Abstract 
Hard, wear-resistant coatings of thin film borides based on AlMgB14 have the potential to 
be applied industrially to improve the tool life of cutting tools and pump vanes and may 
account for several million dollars in savings as a result of reduced wear on these parts.  Past 
work with this material has shown that it can have a hardness of up to 45GPa and be 
fabricated into thin films with a similar hardness using pulsed laser deposition.  These films 
have already been shown to be promising for industrial applications.  Cutting tools coated 
with AlMgB14 used to mill titanium alloys have been shown to substantially reduce the wear 
on the cutting tool and extend its cutting life.  However, little research into the thin film 
fabrication process using pulsed laser deposition to make AlMgB14 has been conducted.   
In this work, research was conducted into methods to optimize the deposition parameters 
for the AlMgB14 films.  Processing methods to eliminate large particles on the surface of the 
AlMgB14 films, produce films that were at least 1µm thick, reduce the surface roughness of 
the films, and improve the adhesion of the thin films were investigated.  Use of a 
femtosecond laser source rather than a nanosecond laser source was found to be effective in 
eliminating large particles considered detrimental to wear reduction properties from the 
films.  Films produced with the femtosecond laser were also found to be deposited at a rate 
100 times faster than those produced with the nanosecond laser.  However, films produced 
with the femtosecond laser developed a relatively high RMS surface roughness around 55nm.  
Attempts to decrease the surface roughness were largely unsuccessful.  Neither increasing the 
surface temperature of the substrate during deposition nor using a double pulse to ablate the 
material was found to be extremely successful to reduce the surface roughness.  Finally, the 
adhesion of the thin films to M2 tool steel substrates, assessed using the Rockwell C 
indentation adhesion test, was found to be substantially improved by the deposition of a 
titanium interlayer, but unaffected by increasing the temperature of the substrates.  The 
titanium was found to improve the adhesion strength of the films because it reacted with both 
the steel and the AlMgB14 compound to form new compounds.  Ultimately, it was concluded 
that the films with the best properties were produced with a femtosecond pulsed laser and 
were deposited on top of a titanium interlayer to improve the thin film adhesion.   
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Chapter 1: Introduction and Definition of Goals 
Surface hardening is recognized as one method of effectively reducing surface wear. For 
a given system configuration and loading, the wear rate has been found to be inversely 
proportional to hardness of the material in the system1.  Hard layers reduce wear primarily by 
decreasing plowing of the counter surface into the softer substrate and therefore increase 
abrasive wear resistance.  By reducing plowing, the depth a counter surface can impinge into 
the part, less material is removed per pass, resulting in the lower observed abrasive wear 
rate2.   Reducing the depth of penetration of the counter surface in the material also provides 
the advantage of reducing the number of contact points between the surfaces, which can 
reduce the coefficient of friction between the two parts2.  Lower friction between two parts 
can in turn allow a lower energy input to slide one part over another, resulting in an energy 
savings in addition to the wear improvement.  Therefore, much research has been conducted 
on methods to harden the surface of components in various applications to improve their 
useful life and efficiency.   
Steel is the most commonly used material for moving components and therefore several 
methods have been developed specifically to harden the surface of steel parts.  The most 
common of these methods include procedures that locally alter the microstructure at the 
surface such as induction hardening, carburizing, nitriding, and carbonitriding.  However, the 
surface hardness that can be obtained with these methods is limited by the chemistry of the 
steel and generally cannot be raised above about 10GPa3.  Surface coatings applied to the 
steel, however, can have nearly any composition and therefore can be used to attain much 
higher surface hardness.  Recently, the highest performing coatings have been those applied 
by chemical vapor deposition (CVD) or physical vapor deposition (PVD) such as TiN, 
TiAlN, TiCN, and CrN.  These coatings have a Vickers Hardness of up to 3800HVN, or 
about 37GPa4.  A decrease in the rate of material removal from coated samples has been 
observed with these coatings compared to the uncoated samples; the hardest thin film 
coatings result in the best wear resistance5.  This observation confirms the previous statement 
that surface hardening is effective at reducing the wear rate of a component.  Hence, it is 
expected that any improvement in the hardness of a thin-film coating will result in an 
improvement in the wear resistance of the steel component.  
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AlMgB14, a complex boride material that has received increased attention in the last 10 
years because of its observed ultra-hard properties, could be used as a coating material to 
further increase the surface hardness of steel parts.  Single crystal samples of this material 
were first investigated in 1969 and found to have a moderately high hardness of about 
28GPa6.   However, later research found that the hardness of the material was substantially 
increased for nanocrystalline samples and increased even further for samples with alloying 
additives in the monolithic ceramic bodies.  The hardness of the nanocrystalline material was 
found to approach 35GPa while the hardness of the material with TiB2 additions was found 
to be up to 46GPa7.  The high hardness of the nanocrystalline material and alloyed material 
make both materials promising for use as thin-film coatings to surface harden steel 
components.  Some study of thin AlMgB14 films as a coating material for steel and tungsten 
carbide cutting tools has already been conducted.  The first studies of AlMgB14 thin films 
deposited with pulsed laser deposition showed that this material could be used to produce 
films with a hardness of between 22 and 45GPa depending on the deposition conditions8, 9.  
For comparison, uncoated M2 tool steel substrates have a hardness of about 8GPa as 
measured using nanoindentation, and tungsten carbide-cobalt cermet substrates have a 
hardness of about 13GPa9.  Therefore, thin films of AlMgB14 have shown promise as one 
method to improve the surface hardness of these tool materials.  In the best case scenario, it 
would be possible to produce AlMgB14 films with a hardness of around 45GPa, which would 
represent a substantial improvement over state-of-the-art titanium-based coatings.  Hardness 
measurements of the AlMgB14 thin films using a nanoindentation technique in this project, 
however, have shown that the actual hardness of the thin films is more likely at the lower end 
of this range with a value of 22 to 23GPa.  Even this hardness represents a substantial 
improvement in the hardness of the surface of the substrate and as a result AlMgB14 films can 
be useful for improving the wear resistance of metal substrates.   
Any thin film meant to increase the wear resistance of the coated part must not only 
increase the surface hardness of the part, but must also be sufficiently thick, remain adhered 
to the substrate during operation, and have a surface roughness in the desired range.  Very 
thin coatings that are only a few hundred nanometers thick are quickly worn through in 
aggressive wear environments.  Once this happens, the underlying substrate is no longer 
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protected from the wear mechanism.  Pin-on-disk tests of thin AlMgB14 films (about 200nm 
thick) conducted at Oak Ridge National Laboratory have shown that these films do offer 
some protection to the underlying substrate while they remain intact, reducing the coefficient 
of friction by about 70%, but are worn through in less than two minutes (Figure 1.1)10.  Such 
a short time would not allow the thin film coating to protect the substrate for any significant 
fraction of the expected operating life and therefore would not be useful.  As a result, such 
films offer unacceptably low wear protection to the underlying substrate.   
 
 
Figure 1.1: Coefficient of friction between an alumina pin and coated and uncoated steel substrates 
during a pin-on-disk test.  Initially, the films cause a large reduction in the coefficient of friction, but are 
quickly worn through10. 
 
A film’s wear protection is similarly lost if the thin film does not adhere to the substrate 
during the service lifetime of the part.  Delamination and removal of the film exposes the 
substrate and has the same effect as wearing through the thin film.  Unfortunately, thin films 
deposited by CVD or PVD tend to develop large residual compressive stresses as they are 
grown, which can cause delamination between the film and the substrate11.  As a result of this 
residual compressive stress in the film, the adhesion strength of the film decreases as the film 
thickness increases12.  For a film to offer useful wear resistance, this problem must be 
overcome to produce both a thick and adherent film.  Low surface roughness is also desirable 
because it has been shown to result in a low coefficient of friction for a given surface13.  The 
reduction in the coefficient of friction can be attributed to the reduction in the number and 
size of asperities on the surface.  Low wear rates have also been observed for smoother 
surfaces14.  Careful control of the chemistry and morphology of thin films is clearly 
important for producing thin films for wear resistant applications.    
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Past work on depositing AlMgB14 films using pulsed laser deposition has shown that thin 
films of AlMgB14 can be successfully produced using pulsed laser deposition and that these 
films do result in an improvement in wear resistance of cutting tools coated with this 
material9.  However, several questions about the thin films were not addressed.  For instance, 
the effects of deposition rate of the thin film or their adhesion to steel substrates was never 
studied.  While one observation has suggested that the films adhere well to tungsten carbide 
cutting tools, the observation was based on a scanning electron microscope (SEM) image of a 
cross section of a fractured tool showing that the film remained attached to the tool surface9.  
However, no systematic study of the adhesion of these films has been conducted.  As 
discussed in Chapter 3, most past work on AlMgB14 thin films has focused on the wear 
resistant properties and crystal structure of these films.  While this work has been valuable 
and as shown that these films are promising wear-resistant coatings, no work has been done 
to optimize the processing of these films.  Specifically, the film thickness, morphology, and 
adhesion are important considerations for designing wear-resistant thin films, and they have 
not been previously studied.   
In this work, methods were investigated to produce films with characteristics that would 
support low wear rates and low friction coefficients.  The goal of this work was to determine 
more precisely how the different methods used in the literature to produce thin films resulted 
in different thin film morphologies and how those morphologies could be altered to produce 
a better AlMgB14 thin film.  Additionally, the adhesion of AlMgB14 thin films was 
characterized to determine methods to improve the adhesion of these films.  Ultimately, the 
purpose of this project was to understand how various processing conditions changed the thin 
films and how these could be used to produce high quality AlMgB14 films.   
 
Purpose of Thesis 
This thesis is meant to focus on processing issues relevant to the production of wear 
resistant thin film coatings of AlMgB14.  Work done here is meant to build on previous work 
done with wear-resistant coatings.  Specifically, the use of femtosecond lasers in AlMgB14 
thin film coating production is investigated.  The main questions that this thesis attempts to 
address are:  
5 
 
1) How do films produced with a pulsed laser with a pulse width of hundreds of 
femtoseconds differ from those produced with a pulsed laser with a pulse width of tens 
of nanoseconds?  
2) How can smooth films with minimal surface roughness be produced using pulsed laser 
deposition?   
3) How can adhesion between thin films of the AlMgB14 material and M2 tool steel 
substrates be improved?  What factors affect adhesion, and what combination of these 
factors results in the best film-substrate adhesion? 
4) How can thick (>1µm) films be deposited onto substrates while still having strong 
adhesion to the substrate?  
 
The layout of this document follows the order of the questions presented above.  First, 
Chapter 2 expands upon possible uses of ultra hard boride coatings in an industrial setting 
and the economic impact such coatings may potentially have on industry.  Chapter 3 then 
describes the structure and properties of the AlMgB14 material and the fundamentals of 
pulsed laser deposition (PLD).  In this chapter, the differences between femtosecond and 
nanosecond laser sources as a means to ablate material to produce thin films are discussed in 
terms of results and calculations observed by other authors.  Chapter 4 discusses the 
differences between these types of lasers as observed in actual films of AlMgB14 and the 
deposition rate observed for each laser.  Chapter 5 discusses methods to reduce the surface 
roughness of thin films produced with the femtosecond laser.  Adhesion of thin films and 
methods to improve the adhesion to polished steel substrates is investigated in Chapter 6.  
Finally, Chapter 7 presents general conclusions and suggestions about the deposition of 
AlMgB14 films and methods to improve their thickness and adhesion.   
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Chapter 2: Industrial Uses of Hard Surface Coatings 
Industrial uses of hard materials focus primarily on coatings designed to make parts more 
resistant to wear and corrosion.  Wear and corrosion cause nearly $300 billion in losses each 
year, about a third of which is considered preventable according to the Materials Information 
Society1.  For instance, in 1995 more than $100 billion in corrosion damage to metallic parts 
could have been avoided with the proper surface coatings.  This represented almost 1.5% of 
the gross domestic product for that year1.  Corroded and worn parts slow manufacturing 
processes and their replacement causes down time in production lines that could be avoided.  
Even though coated parts may initially cost more than their uncoated counterparts, the use of 
coated versus uncoated parts can save hundreds of dollars by allowing parts to be replaced 
due to wear less frequently2.  Applications which would benefit most from hard, protective 
coatings are those in which there are moving parts sliding past one another, devices which 
transport fluids with entrained abrasive particles, cutting tools, and parts that are exposed to 
corrosive gasses.  For instance, while the current material used in hip replacements, Ti-6Al-
4V, is considered an excellent biomaterial similar to bone, implants made from this alloy 
have low resistance to wear.  An ultra-hard coating on these implants could improve both the 
implants’ lifetimes and safety, which may save the patient a considerable amount in medical 
bills and reduce the stress associated with multiple surgeries3.  Similarly, heavy machinery 
meant for drilling for oil experiences a shortened lifetime as a result of abrasive wear 
resulting from fine particles becoming entrained between parts that slide past one another4.  
The amount of down time and the cost associated with replacing these parts could be reduced 
by protecting the parts with a hard coating to reduce the wear rate.  Pipes and pumps are also 
rapidly eroded by abrasive particles entrained in the liquid that flows through them, and their 
lifetimes could be greatly increased by the application of a hard coating on the surfaces in 
contact with the fluid to reduce wear on the surface5.  Each of these applications could 
potentially save billions of dollars and thousands of hours in down time if implemented.   
Coatings currently account for a small, but important market.  The market for advanced 
ceramic coatings, including coatings for engine components, cutting tools, and wear resistant 
parts, was valued at about $1.1 billion in 2004 and is expected to grow to about $1.6 billion 
by 2009.  Of this amount, engine components accounted for 64% in 2004 and are expected to 
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account for larger shares in the future; because of the large increase in demand for 
commercial airplanes in recent years, the share of the market taken by engine components is 
expected to increase to about 68% of the market.  Cutting tools amounted to 17% of the 
market, and wear resistant components accounted for 14.6%.  Other applications make up the 
balance of the market.  Coatings for tools and wear resistant parts are expected to show a 
slower growth rate over the next several years6.    
 
2.1 Cutting Tools 
A short usable life of a drill bit in high speed machining is a problem that can be 
expensive to a machining company; drills must be repeatedly stopped so the bits can be 
replaced or re-ground7.  Maintaining sharp drills is important in industry because sharp drills 
use less energy to cut through material and do so more accurately, both of which improve 
process efficiency and save the company money8.  High machining rates currently used in 
manufacturing cause drill bits to wear out quickly, necessitating frequent replacement.  Tool 
bits with hard surface coatings, however, maintain their edge longer and at higher speeds of 
operation9.  While these tools are generally more expensive than their uncoated counterparts, 
the increased lifetime of each part and the increased machining rate possible with hard, 
coated tools more than compensates for the added cost of coated tools9.  For example, bits 
coated with a layer of TiCN have lifetimes ten-fold longer than their uncoated high speed 
tool steel counterparts at an operating speed of 30 m/min9.   
The environment experienced by cutting tools in operation is severe.  An ideal cutting 
tool must have a high surface hardness to resist wear from the work piece, a low coefficient 
of friction to minimize lost energy, stability at the high temperatures experienced during high 
speed machining, and must be chemically inert to the work material10.  Cutting tools are 
mechanically worn by being blunted by plastic deformation of the cutting tool.  Hard 
coatings increase the yield stress and elastic modulus to reduce the wear rate of cutting tools.  
Cutting tools are further blunted when they react with and bond to the chips they are 
removing from the work piece.  Coatings prevent this by providing a high-temperature stable 
compound that resists reaction with the work piece.  Several coating materials, including 
cubic boron nitride, titanium nitride, tungsten carbide, and aluminum titanium nitride, have 
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been developed to meet these requirements and these are currently the most common wear 
resistant coatings.  These materials are found to generally meet the above requirements and 
are deposited by CVD or plasma enhanced chemical vapor deposition (PECVD.)  Hard 
coatings are more appealing than fabricating monolithic tools because they can be applied to 
existing tools by methods that are much cheaper than trying to make a tool out of monolithic 
hard materials.  This makes the coated tool more cost effective than an equivalent monolithic 
tool.   
Beyond machining and milling, the construction industry benefits from hard coatings 
because tools with hard coatings are essential to machine hard materials like stone, concrete, 
and other construction materials11.  In this industry, high speed power tools are coated with 
diamond to harden the tools and increase their lifetimes.  Tools coated with diamond, 
polycrystalline diamond, cubic boron nitride, or tungsten carbide can cut through harder, 
more abrasive materials with less wear and therefore are commonly used instead of uncoated 
tools.  An estimate in 2000 put the value of diamond coated tools in the construction industry 
at about $1.8 billion with steadily increasing demand11.  Most of this value was in making 
saws that were coated with polycrystalline diamond.  However, significant portions of the 
market included drills, cutting tools, and wheels.  Strong growth in the area of cutting tools 
for construction is expected over the next several years11.  The development of a less 
expensive coating may substantially reduce the cost of these tools.   
 
2.2 Pumps, Pipes, and Valves 
Pumps used to transport liquids with abrasive particles wear due to erosion of the pump 
components and would benefit from hard coatings.  Erosion results in changes in the 
dimensions of the pump which causes it to operate less efficiently and reliably and ultimately 
leads to the need to replace the pump.  The bulk of the wear on the pump while it is operated 
is a result of the small particles entrained in the fluid.  Hard particles cause wear on the pump 
in two major ways.  First, particles may get into the small gap between the piston head in the 
pump and the piston wall.  These trapped particles wear and scratch the sides of the piston 
and wall and remove material.  As this occurs, the gap progressively widens and the rate of 
wear increases.  A hard, smooth surface, would wear less quickly than a rougher, softer 
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surface.  Therefore, a hard surface coating would be useful in increasing the time to failure of 
the pump by this mechanism.  Second, hard particles strike the surface of the piston face and 
cause erosive wear to the pump.  Wear in this mechanism is largely the result of plastic 
deformation of the surface, which should be minimized to prevent wear.  Hard, stiff coatings 
are therefore suitable to increase the lifetimes of pumps.  Often, when pumps are used to 
transport fluids for mining or drilling operations the types of particles that are entrained are 
alumina and silica, both of which are relatively hard.  Alumina, having a high hardness at 20 
to 22GPa, poses the largest problem in terms of wear on the pump components.  Ideally, a 
hard coating would be harder than alumina to minimize wear of the part12.   
Currently, tungsten carbide is the primary hard coating used and is applied to the surface 
via high velocity oxy-fuel (HVOF) thermal spraying because HVOF coatings are easy to 
apply and can be applied to a variety of substrates and geometries13.  This works moderately 
well, but produces a coating that is not as hard, dense, or stiff as sintered WC.  When sintered 
WC is used, its wear rate is half the rate for HVOF thermal sprayed WC, but it is still softer 
than alumina.  One way that has been researched to overcome this is to add a coating of a 
diamond-like layer atop the WC layer.  This layer is applied as an amorphous layer of carbon 
by physical vapor deposition and adheres well to the WC layer.  The diamond-like layer is 
much harder than entrained particles in slurries that go through the pumps and so does not 
scratch.  Rather, wear occurs through cyclic elastic loading.  The wear rate by this 
mechanism is much slower than the wear rate for the unprotected WC layer and so increases 
the lifetime of the part12.  Since coating a WC substrate with diamond resulted in substantial 
wear resistance, it has been proposed that making the entire coating out of diamond laid 
down by chemical vapor deposition would be even better14.  Coating a part with diamond via 
a CVD process allows the coating to be applied to any geometry of substrate, so intricate 
parts could be coated.     
Coating vanes and pistons in pumps would be relatively easy because they could be 
removed from their assemblies and then coated.  Coating the insides of pipes and tubes, 
however, is much more difficult because HVOF cannot be used.  However, applying a hard 
coating to these surfaces is also important to prevent wear in pumps and pipes.  Such a 
coating could be applied by magnetic field plasma deposition.  This method is similar to 
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PECVD except that magnets are used to generate a plasma in the tube to be coated so the 
coating process can be carried out at a lower temperature.  These coatings have the same 
faults and problems as other coatings methods, but can be applied to the inside of pipes, 
improving their wear resistance and the lifetime of the pipe15.   
When pumps are meant to operate under corrosive or high-temperature environments 
metal oxides often are used since carbon coatings tend to burn off in hot, oxidizing 
environments.  Under these conditions, the same mechanical requirements as above are 
present (the coating must resist being scratched or eroded by particles in the fluid), but 
coatings must also be chemically inert and stable at the operating temperature.  Alumina 
works well because it is sufficiently hard, but does not adhere well to the metal substrate 
because of its different structure and coefficient of thermal expansion.  Adhesion can be 
improved with the addition of a small amount of titania to the alumina, but this decreases 
wear and corrosion resistance of the coating.  Corrosion resistance can be improved by 
addition of a film to the coating, but this still is not as resistant to wear and corrosion as the 
coatings for low temperature applications13.  More research into coatings for high 
temperature pumps and a hard coating for high temperature, corrosive environments could 
increase the life of such pumps.   
 
2.3 Biomaterials 
Biomedical applications would also benefit from the use of ultra-hard coatings for 
prosthetic joint devices.  Nearly 500,000 such implants are used each year at a cost of about 
€9,000 ($12,250) each16.  Unfortunately, joint replacements, such as hip replacements, suffer 
from wear that makes the average hip replacement in a 70-year-old patient last only ten 
years3.  In patients that outlive their hip implant, these implants must be replaced, leading to 
the prospect of many patients needing several hip implants during their lifetimes.  Increasing 
the implants’ expected life by limiting wear on the joints could save patients and 
governments several million dollars a year in medical costs.   
Most cup and pin hip replacements used in surgery today consist of a pin made of Ti-6Al-
4V fitted in a cup lined with ultra-high molecular weight polyethylene (UHMWPE).  In 
service these two surfaces slide and rotate past one another, causing surface wear3.  Wear in 
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this form causes material to be removed from both the metal pin and the plastic cup, which is 
undesirable for the patient for two reasons.  First, the body has an adverse reaction to the 
UHMWPE wear particles, which causes rapid loosening of the joint, resulting in the 
necessity of another surgery to remove the loose implant and replace it17.  Wear debris from 
the plastic is the largest cause for implants to loosen and can cause a great deal of pain for the 
patient as they abrade the metal-plastic interface and the metal-bone interface18.  These 
particles are worn away by a rough metal surface rubbing against the plastic.  Reducing this 
wear is critical in maximizing the lifetime of the prostheses.  Second, wear of the commonly 
used Ti-6Al-4V or Co-Cr-Mo alloys release larger than anticipated concentrations of metal 
ions into the body, which are potentially toxic3, 17.  In the titanium alloy, wear releases 
relatively larger concentrations of vanadium and aluminum.  Vanadium has documented 
toxicity in high doses and is believed to be toxic even by prolonged, low dosage exposure3, 19.  
Aluminum is thought to have a mild detrimental effect on the central nervous system3.  
Exposure to both of these metals in their ionic forms is undesirable in a medical application.  
Cobalt alloys are equally hazardous when they degrade since they release chromium ions into 
the blood stream.  Chromium is a suspected carcinogen and is well known to cause severe 
allergic reactions in some individuals17, 19.  For all of these reasons, it is absolutely critical to 
reduce wear on the hip implant.   
Several methods have been devised to minimize the wear on the implant interface, 
including reducing the size of the head to minimize the surface area of the contact.  While 
this method has proven effective and it has been shown that a reduction is ball size from 32 
to 22mm will reduce the wear on the polymer cup two fold, it has also been shown that a 
single 1-2µm scratch will increase the wear rate on the part by 30 to 70 fold20.  Therefore, the 
most effective way to minimize the wear on hip prostheses is to reduce the number of 
scratches on them by applying a hard, protective coating such as alumina or a diamond like 
coating.  If the ball of the implant head remains smooth, it has been shown that wear on the 
polymer is substantially reduced3.  In fact, the wear rate of the polymer against a ball coated 
with a smooth, hard diamond-like coating is negligible compared to an uncoated implant18.  
The use of hard surface coatings on contact surfaces in orthopedics has the clear potential to 
substantially increase the lifetime of these implants by reducing wear by an order of 
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magnitude.  Not only will this improvement save money by reducing the number of hip 
implants that must be replaced each year, but it will also spare the patient the time and 
trauma of having another surgery to replace the damaged, worn, and loosened hip implant.   
 
2.4 Electronic Applications 
The main application of hard coatings in electronics is to increase the data storage density 
on hard drive disks21.  Manufacturers, in an attempt to produce the best product on the 
market, are currently trying to increase the data storage density on disks, and the density of 
information stored on these disks is increasing at nearly 100% each year22.  In the next few 
years it is expected that the storage density will be increased to up to 1 Terabit/in2 21.  As this 
happens the spacing between the reader and the disk, spinning in excess of 20,000rpm, 
decreases to improve the resolution of data reading22.  A density of 1 Terabit/in2 means that 
the reader head will only be about 5nm from the surface of the disk, which needs to remain 
unscratched and nearly perfectly smooth to function properly.  This suggests that a hard 
coating on the surface of the disk should be used to protect the disk from scratches, impact, 
and the occasional contact with the reader head as a result of small mechanical imperfections.  
However, the hard coating must also be thin.  Of the five nanometers between the reader 
head and the surface, about two must be used for the air gap and one must be used for the 
lubricant between the head and the disk.  Further, if the hard surface becomes too thick, it 
tends to obstruct the reading of the information, and so decreases the efficiency of the disk21.  
This is counterproductive to efforts to increase the data storage density on the disk.  The 
conflicting demands on the surface coating to be easier to read through, protect the disks, and 
be made thinner and thinner as the distance between the reader head and the disk decreases 
must be met by a new ultra hard coating22. 
A few materials, including boron carbide (B4C) and boron carbonitride, have been 
investigated to solve this problem.  These were deposited onto the magnetic substrates by DC 
magnetron sputtering of the material.  While these materials were not the hardest materials 
available, they met the requirements for this application in that they could be manufactured 
in a smooth, pinhole free, thermally stable, wear resistant layer and they were compatible 
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with the lubricant.  Cubic boron carbide has been found to be a hard material (25-45GPa) 
with a low coefficient of friction and is fairly easy to synthesize21.   
Increasing demands on data storage density on CDs and floppy disks also necessitate 
decreased distance between the storage device and the reader head, which presents similar 
difficulties that require the surface of the storage device be protected.  These systems present 
additional challenges for coatings, however.  For CDs a transparent coating is required to 
allow the pits on the disk to be detected by a laser while for floppy disks the coating must be 
flexible.  Some research is being conducted into possible carbon based coatings for these 
systems23, 24.   
 
2.5 Aerospace Turbines 
Surfaces in gas turbine engines face a severe wear and corrosion environment.   Most 
wear in the engine arises from sliding contacts of the shafts with their bearings and currently, 
this problem is addressed by applying hard chromium facing to the exposed surfaces.  These 
coatings can be used to not only harden the shaft, but build the part back up to its original 
dimensions.  However, this procedure would be more effective and extend the life of the 
parts further if the coating were harder.  Additionally, chromium is suspected to be a 
carcinogen and its industrial use has been discouraged.  Chromium-free hard coatings would 
both extend the lifetime of the parts and alleviate the potential environmental damages 
associated with the release of chromium into the environment.  Proposed materials to replace 
the use of chromium plating include tungsten carbide-10Co-4Cr and nickel- chromium -
boron-silicon.  Both of these materials could be applied by physical vapor deposition, among 
other methods, and would cost about five-fold less to apply than equivalent chromium 
coatings.  In experiments, these coatings were found to actually perform better than 
chromium in that they offered greater wear resistance and higher hardness.  Also, these 
materials could be applied more quickly than electroplating of chromium, making them 
excellent candidates for replacing chromium25. 
Another major problem with turbine blades on the low pressure side of the engine is 
erosion of the blades as a result of small water droplets condensing and striking the surface at 
high velocity.  This wear mechanism accounts for nearly one third of all failures of blades in 
this part of the engine.  It has been experimentally shown that increasing the hardness of the 
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blade surfaces increases their resistance to this type of erosion.  Lifetimes have been 
increased by about three-fold by hardening these surfaces, which would decrease the 
frequency at which the engine would have to be overhauled to replace these blades.  The 
method of hardening surfaces in turbine engines has been to nitride the surface with a laser to 
form a layer of TiN or CrN on the surface of the part26. 
Hard tungsten carbide coatings are also used for wear resistance for the rotor blades, 
bearings, journals, landing gear, and shafts in helicopters to extend lifetime and prevent 
damage from sand and dirt blown off the ground during operation27.  Because of its extreme 
hardness and low density, AlMgB14 could be used as an alternative for any of these aerospace 
applications.   
 
2.6 Water Jet Cutting 
Water jet cutting is a simple cutting method in which water is pumped through a nozzle at 
high pressures that can approach 60,000psi.  Water jets can be used to quickly and efficiently 
cut work pieces without the use of drill bits or environmentally toxic fluids.  Also, water jets 
do not produce heat affected zones in the work piece, which can be useful for highly 
engineered alloys.  Originally, water jets were used to cut lumber, but since then have been 
adapted to cut stone and metal.  Two types of water jet cutters exist; devices that use only 
water and devices that use entrained abrasive particles such as alumina.  While the second 
type is more effective and cuts more rapidly, it also causes the nozzle that focuses the water 
jet to erode more quickly, requiring it to be replaced after only a few cuts28.   
The market value of water jet cutting has increased rapidly recently.  In 2000 the market 
was growing at an average annual rate of 18.9%.  In 1991 the market was valued at $390 
million.  However, due to the rapid wear of these nozzles causing frequent replacement to be 
necessary, water jet cutting remains an uncommon machining practice.  Obviously, the 
lifetime of the cutting tool is limited by the amount of time it takes to erode the nozzle until it 
can no longer focus the beam of water onto the work piece.  Hard coatings that resist this 
erosion could greatly improve the lifetime of these nozzles.  An increase in nozzle lifetime 
lowers the operating costs of the tool, and would make water jet cutting competitive with 
other forms of machining29.   
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If lifetime of the nozzle was extended, water jet cutting could increase production rates at 
manufacturing facilities.  For instance, their use for rapid prototyping would eliminate the 
need for creating expensive dies and tooling setups.  Hard WC nozzles have been shown by 
Boride Products to resist the abrasive water jet containing entrained abrasive particles for 
much longer than other nozzles.  Boride’s nozzles had lifetimes about ten times longer than 
their nearest competitor, increasing lifetimes from about 1 to 2 hours to 150 to 200 hours.  
Further increases in the hardness of these nozzles by employing hard coatings could extend 
the lifetimes of these nozzles even further.  Hard coatings for nozzles could make water jets 
economically competitive with other machining methods30.   
 
2.7 Foil Bearings 
Foil journal bearings allow one hollow shaft to slide over another one without causing 
significant wear to either shaft.  While these bearings do not experience a large amount of 
stress during standard operation, they are exposed to high levels of stress upon starting, 
stopping, and in cases of overload.  Hard coatings are useful as part of these bearings to resist 
wear and provide solid lubrication between the bearing and the shaft.  With an appropriately 
hard coating, the bearings would not need grease or oil as a lubricant and would have the 
potential to improve gas turbine efficiency and fuel consumption.  One challenge to 
overcome is that these coatings must remain hard, oxidation resistant, and lubricating at both 
low and high temperatures31.   
 
Hard coatings have great potential to improve many industrial tools.  They can be used as 
wear resistant coatings for cutting tools, biomedical implants, and pumps.  They can be used 
to improve the lifetime of engine components in airplanes.  They are important in being able 
to continue to miniaturize disk readers in the electronics industry.  These applications are 
well established, and the market for them is fairly large at a value of several billion dollars.  
In addition to these more common applications, hard materials are also enhancing the utility 
of other devices such as bearings and water jet cutting tools.  If AlMgB14 could be developed 
as a reliable ultra-hard coating it could be used in any of these applications as a hard, wear-
resistant layer.   
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Chapter 3: Previously Published Research 
3.1 Structure and Properties of AlMgB14 
3.1.1 Crystallography 
The structure of the ultra hard material AlMgB14 (BAM) has been known since the 
material was first synthesized and investigated by Matkovich and Economy in 19691.  Later, 
this structure determination was refined with more advanced diffraction techniques by 
Higashi and Ito in 19832.  They determined the orthorhombic unit cell contained 64 atoms 
with a Pearson notation of oI64.  Unit cell dimensions for the cell were determined to be a = 
10.313 Å, b = 8.115 Å, and c = 5.848 Å.  Four icosahedral B12 units in a nearly close-packed 
arrangement dominate the structure.  These icosahedra are arranged in the unit cell with their 
centers at the (0,0,0), (0,½,½), (½,0,0), and (½,½,½) positions and account for 48 of the 56 
boron atoms in the cell.  The remaining extra-icosahedral boron atoms bond the icosahedra 
together and occupy an eight-fold position at (0.152, 0.622, 0)1.  The metal atoms are located 
in interstices between the boron icosahedra.  The original structure determination of 
AlMgB14 placed the aluminum atoms at a fourfold location at (¼, ¾, ¼) and the magnesium 
atoms at a fourfold location of (¼, 0.359, 0)1.  However, later structure determination 
performed by Higashi and Ito determined that the metal atoms sites were not completely 
occupied.  Rather, the occupancy of the aluminum sites was found to be about 75%, and the 
occupancy of the magnesium sites to be 78%, yielding a final composition for the material of 
Al0.75Mg0.78B141.  Figure 3.1 shows the unit cell of the AlMgB14 compound. 
 
 
Figure 3.1: Schematic crystal structure of AlMgB143 
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3.1.2 Synthesis Routes that Work 
Initial crystallographic studies on AlMgB14 were performed on single crystals that were 
grown using a flux growth process1.  Crystals were grown by heating a mixture of boron, 
magnesium, and aluminum in an atomic ratio of 6:1:31 to 1500°C under an inert 
atmosphere2.  In this process an excess of magnesium was included to account for losses due 
to its high volatility at 1500°C, which is above the boiling point of magnesium (1091°C4).  
Aluminum was used as a flux material in which the crystal is grown.  This mixture was 
melted and held at 1500° for six hours before being allowed to cool to room temperature, 
forming small crystals of AlMgB14.  Excess aluminum was subsequently removed by 
dissolving it in hot hydrochloric acid, leaving the desired AlMgB142.  The resulting material 
was millimeter-sized single crystal samples of AlMgB14.  Similar processes in which the 
atomic ratios of boron, magnesium, and aluminum were 2:1:14 have also been used to make 
single crystals of the compound.  In this case the mixture was heated to 900°C for six hours 
and cooled1.  Excess aluminum was again removed with hot hydrochloric acid.  Both of these 
processes were found to produce other compounds such as AlB12 in addition to the AlMgB14 
material5.  The ability to produce the AlMgB14 compound from mixtures of the elements 
containing different amount of each element suggests that the exact mixture of components 
was not essential to the production of the compound.   
Later attempts at producing AlMgB14 focused on producing fine-grained bulk samples.  
Initial attempts to produce the AlMgB14 compound investigated production of the compound 
via direct reaction synthesis from powders of the elemental precursors.  This process 
involved mixing fine commercially available powders of aluminum, magnesium, and boron, 
which were then isostatically hot pressed at 1400°C or 1500°C.  Sintering this powder into 
compacts in this manner was found to result in low yields of the AlMgB14 compound6.  
Successful production of AlMgB14 from powder precursors in fine-grained compacts with a 
high yield of the compound was found to require mechanical alloying, a preparatory milling 
step, of the powders prior to pressing and sintering6.  In general, production of these samples 
involved the synthesis of loose powders using mechanical milling techniques, consolidation 
of these powders, and finally reaction at high temperatures and pressures to produce a dense, 
fine-grained product of the desired material5.   
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Powder production was accomplished by means of a high energy milling processes in 
which elemental precursors of the powder were sealed in a steel vial with hardened steel 
milling media and mechanically agitated to impart large amounts of kinetic energy to the 
milling media7.  Repeated high energy collisions between the milling media and precursor 
powders caused the powder grains to fracture, reducing the size of the powder and increasing 
its surface area.  The exposed fracture surfaces could bond with other fracture surfaces, 
forming an alloy of the powders.  This process is called “mechanical alloying6”.  Mechanical 
alloying of precursor powders for AlMgB14 blends the powder into a fine, homogenous 
powder that reacts readily to form AlMgB148.  During milling, the elemental precursors were 
reduced to particles with diameters of hundreds of nanometers to several microns9.    X-ray 
analysis of powder that had been milled but not sintered, however, showed that the powders 
remained in elemental form and did not form other compounds during the milling process10.  
Milling did, however, reduce the size of the powders and heavily cold worked the metals.  As 
a result, after mechanical alloying the x-ray diffraction peaks from the aluminum and 
magnesium in the powders were greatly reduced in intensity10. 
Two mechanical milling procedures have been shown to reliably be able to produce fine 
powder from charges of the starting elements: vibratory milling and planetary milling6.  
During vibratory milling the charge is placed in a cylindrical hardened steel vial along with 
steel milling media, and the vial is shaken along both the axial and radial directions; rapid 
shaking imparts a large amount of kinetic energy to the milling media.  When the media 
strike the powder, their energy is transferred to the powder, comminuting it.  Maximum 
energy is transferred when a milling media, traveling at its maximum speed, strikes a 
stationary object or if two media, traveling in opposite directions, strike each other5.  This 
process can handle only relatively small charges of three to five grams of material.  Larger 
charges of up to twenty-five grams of powder can be accommodated by planetary milling6.  
In this process the steel vials are spun about a central axis while at the same time being spun 
around an external axis.  This motion imparts the kinetic energy to the milling media, which 
collide with the powder and reduce its size5.  Vibratory milling imparts much more kinetic 
energy to the media and therefore results in a much faster milling rate and a smaller final 
powder size than planetary milling11.   
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Milled powders have been successfully consolidated, reacted, and sintered to form dense 
AlMgB14 by hot uniaxial pressing in graphite dies5, 7, 9.  Hot pressing of the mechanically 
alloyed powders, rather than simply sintering the powders, has been found to be essential for 
the production of dense compacts of AlMgB146; pressures of about 100MPa during pressing 
are required to produce fully dense samples9.  The pressing temperature of the material was 
also a significant factor in producing dense samples.  Samples pressed at or below 1300°C 
remained fairly porous, which degraded their wear resistant properties.  Increasing the 
pressing temperature to about 1400°C, however, has been found to produce samples with 
nearly 100% of the theoretical density9.    Samples produced by this synthesis route have 
been found to be extremely fine grained with an even grain size distribution.  Figure 3.2 is an 
example of the microstructure found in samples prepared from hot pressing of milled 
powders.     
 
 
Figure 3.2: Microstructure of a ceramic compact made by hot pressing milled powders for the current 
project 
 
Both iron and oxygen impurities are incorporated into the samples during this synthesis 
process.  Iron is incorporated during the mechanical alloying process since during this 
process the milling media are violently agitated in a hardened steel vial to mill the powders.  
Frequent, high energy impacts of the steel milling media with the walls of the containers 
abrade the sides of the container, introducing iron into the powder6.   Not surprisingly, the 
higher energy vibratory mills introduce a larger amount of iron into the powder than the 
planetary mills.  Typical concentrations of iron in the final powders made by vibratory 
milling can be as high as 10-15%.  In contrast, planetary milling introduces much less iron 
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into the powders, typically 1-2%12.  Most of the iron in the powders reacts with boron during 
the hot pressing process to form FeB13.    The other major impurity in AlMgB14, oxygen, is 
incorporated from exposure of the powders to oxygen and water vapor in the ambient 
atmosphere forming oxides on the milled powders, from oxygen dissolved in the precursor 
powders, and from preexisting oxides on the starting powders6.  Much of the oxygen reacts 
with the aluminum and magnesium in the precursor powders to form spinel, Al2MgO4.  The 
remainder of the oxygen reacts with iron present in the powder to form Fe3O413.  
Incorporation of any impurities into the AlMgB14 material has been found to degrade its 
properties13.  Controlling iron content in mechanically alloyed powders has been attempted 
by controlling milling times, but reducing it below the previously stated ranges has not been 
accomplished12
. 
 Using planetary milled powder has been found to be the most effective way 
to reduce iron content in the final compacts.  To minimize the incorporation of oxygen into 
the powders, exposure to the atmosphere has been minimized by handling the powders only 
under a dry helium atmosphere13.  These steps help to better control the final chemistry, and 
therefore properties, of the compacts.   
 
3.1.3 Mechanical Properties of BAM 
AlMgB14 was first discovered and initially characterized by Economy, et al, who grew 
the first crystals and determined the structure in 19691.  However, no further studies of the 
material were conducted for the next twenty years except for some minor refinement of the 
structure2.  Recently, AlMgB14 has returned to interest in the scientific community because of 
the high micro-hardness observed in the single crystals of the material and the even higher 
micro-hardness observed in bulk samples made by the powder processing techniques 
described previously7.  Hardness, an indication of a material’s ability to resist localized 
plastic deformation, is usually tested by pressing a diamond stylus into the surface of a 
material and measuring how deep the stylus penetrates the material or the projected area of 
the remaining indent for a given applied load.  Harder materials resist the plastic deformation 
resulting from this indent more as indicated by the smaller indents that can be made in these 
materials for a given applied load.  Harder materials are also better able to resist deformation 
from other types of mechanical damage because of their resistance to plastic flow.  It is 
21 
 
hoped that by coating a surface with a very hard material, wear on the tool will be reduced 
since the surface can better resist plastic deformation.  Steels are often surface hardened 
specifically to be able to better resist wear14.   
The hardness of single crystal AlMgB14 has been measured to be 28GPa8.  This same 
hardness is observed in samples made from powder processing methods described above.  If 
the same hardness can be replicated in thin films of AlMgB14, they could be used to harden 
the surface of a part beyond what is possible employing other surface hardening techniques.  
M2 tool steel, for example, has a hardness of about 9GPa, and so its surface hardness could 
be greatly improved by coating with AlMgB14.  Table 3.1 is a comparison of the hardness of 
AlMgB14 to other commercially available hard materials.   
 
Table 3.1: Some hard materials and selected properties of those materials5 
Material Density (g/cm3) Hardness (GPa) Crystal Structure 
C(Diamond) 3.52 70 Cubic 
BN(Cubic) 3.48 45 – 50 Cubic 
AlMgB14+TiB2 3.14 30 – 46 Orthorhombic + Tetragonal 
B4C 2.52 38 – 44 Rhombohedral 
AlMgB14 2.66 25 – 35 Orthorhombic 
TiB2 4.50 30 – 33 Tetragonal 
WC 15.77 23 – 30 Hexagonal 
Al2O3 3.98 21 – 22 Hexagonal 
Si3N4 3.44 17 – 21 Amorphous 
 
Small changes in the composition of the AlMgB14, particularly the incorporation of iron 
and oxygen during processing, have been found to have a significant influence on the 
hardness of the final product9.  Both of these impurities react with the material to form 
relatively soft phases.  Iron reacts to form iron borides and iron oxide, particularly FeB and 
Fe3O4, while oxygen in the system reacts with the aluminum and magnesium metals to 
produce Al2MgO46.  Both of these compounds sharply degrade the hardness of the final 
material; the hardness of Al2MgO4 has been reported to be 13.7GPa, and the hardness of FeB 
and Fe3O4 have been measured to be 11.8-14.7GPa and 5.4GPa, respectively.  All of these 
materials have a lower hardness than AlMgB14, and their incorporation into the structure has 
been observed to decrease the hardness of the material13.    However, the effect of 
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incorporating these materials into thin, wear resistant-films of AlMgB14 has not been 
systematically studied.   
The thermal expansion of the material is also an important parameter for a thin film 
material.  The thermal expansion of any material must be carefully matched to the material 
onto which it will be deposited to ensure that large residual stresses are avoided.  If the 
thermal expansion coefficients (TEC) of the thin film material and the substrate material 
differ widely, stresses develop as the system is either heated or cooled as a result of differing 
thermal expansions between the two materials15.  Compared to other wear-resistant coatings 
such as diamond like carbon, AlMgB14 has a remarkably high thermal expansion coefficient 
that closely matches steel.  Previous work has measured the thermal expansion coefficient for 
AlMgB145.  The average value of the thermal expansion coefficient of AlMgB14 in different 
temperature ranges is presented in Table 3.2 below.  
 
Table 3.2: Summary of thermal expansion coefficient of AlMgB145 
Temperature Range (°C) Average TEC (MK-1) 
50°-400° 6.070 
400°-700° 8.604 
700°-950° 10.87 
Average 8.22 
 
For comparison, steel has a thermal expansion coefficient of about 11.8MK-1,
 
and 
titanium has a thermal expansion coefficient of 8.6x10-6K-1 16.  Diamond has a much lower 
thermal expansion coefficient of 0.7x10-6K-1 17.  As a result, the stresses that develop in thin 
films of AlMgB14 as the temperature of a coated steel part is changed tend to be less severe 
than those that develop in other coatings.  Lower internal stress at the film interface reduces 
the total force acting to remove the film from the substrate during operation, improving the 
adhesion and wear protection of the film.  Similarity in thermal expansion coefficients make 
AlMgB14 a likely candidate for use as a hard, wear resistant coating for steel used in 
situations where it is exposed to abrasive materials and temperature cycles (e.g. cutting 
applications.) 
AlMgB14 is also a promising material for use as a wear-resistant coating on tools used to 
cut titanium because of its chemical inactivity to titanium metal7.  Machining titanium metal 
imposes severe challenges on a wear resistant coating for a cutting tool because of titanium’s 
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chemical reactivity with many standard cutting materials and coatings.  Other common wear-
resistant coatings such as TiN or TiAlN tend to react readily with titanium, especially at the 
high temperature (>500°C) attained during the titanium cutting process18.  TiAlN reacts so 
readily with titanium at elevated temperatures that it actually increases the rate of tool wear18.    
AlMgB14, however, shows very little reactivity with titanium.  Past experiments with 
AlMgB14 – Ti diffusion couples have shown that, rather than diffusion into each other, 
complete separation is observed between these two materials7.  Lack of bonding to titanium 
eliminates the adhesive wear mechanism in which the tool welds to the work piece at locally 
high temperatures and pressures, causing damage when the weld is broken.  Removal of this 
wear mechanism should improve tool life compared to other systems where this mechanism 
is active14.   
 
3.2 Pulsed Laser Deposition: An Overview 
3.2.1 Summary of PLD Process 
Several methods exist for depositing wear resistant thin films for the applications 
described previously in Chapter 2.  These include chemical vapor deposition (CVD) and 
various physical vapor deposition (PVD) techniques such as magnetron sputtering, 
evaporation, and pulsed laser deposition19.  CVD processes involve the reaction of various 
gas phases on the surface of the substrate to produce the desired coating.  For instance, TiN 
coatings have been produced by reacting TiCl4 gas with N2 gas at the tool surface to produce 
a uniform, conformal coating.  CVD processes work well for films with relatively simple 
compositions that can be prepared from reactions of gasses.  On the other hand, PVD uses 
solid targets that can have more complicated chemistries to make films.  All physical vapor 
deposition processes remove material from a solid or liquid target composed of at least the 
desired cation chemistry and deposit the material onto a substrate in a line-of-sight process.  
In some cases, the cations are reacted with gasses in an ambient atmosphere to produce 
oxides, carbides, and nitrides, if desired20, 21.  For instance, wear-resistant films of TiCxN1-x 
have been produced by ablating titanium targets in a pulsed-laser deposition process in 
atmospheres of nitrogen and acetylene20.  Titanium atoms react in flight with the nitrogen 
and carbon to produce the desired composition.  In other cases, the starting material has had 
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exactly the same composition as the desired film.  For instance, Cr2O3 films have been 
prepared by ablating a Cr2O3 target using a pulsed laser deposition process to deposit the 
desired Cr2O3 film22.  Due to differences in vapor pressures of the cationic species in many 
complex target materials, some PVD processes such as magnetron sputtering and evaporation 
often cannot reproduce the exact bulk chemistries of materials in thin films.  Rather, 
enrichment of the more volatile species in the thin film is possible since it is removed from 
the initial target more easily.   
Pulsed laser deposition (PLD), however, does not in general suffer from this difficulty 
because of the amount of energy involved in the process.  PLD tends to be able to transfer 
enough energy to a material in a short enough time to cause congruent evaporation of all of 
the species in the material by a process described below.  Since all of the species are removed 
and subsequently deposited simultaneously, the chemistry of the target material tends to be 
accurately reproduced in the film.  For instance, PLD has been heavily studied for use for the 
deposition of thin films of high temperature superconductors such as YBa2Cu3O7-x (YBCO) 
because of the complex compositions of these materials21, 23.  YBCO is normally difficult to 
deposit using other evaporation techniques because its many components melt and evaporate 
incongruently.  This means some species will leave the target more readily than others, 
resulting in a non-stochiometric film.  However, as discussed below, PLD produces rapid 
heating of the material and subsequent congruent evaporation.  This process is fairly effective 
in producing stochiometric thin films24.  Because of this quality, PLD is being studied as a 
viable method to reproduce the chemistry of ultra-hard boride materials with a complex 
chemistry, such as AlMgB14, as thin films on tools.   
Beyond its ability to accurately reproduce the stochiometry of complex materials, PLD is 
also attractive for use as a physical vapor deposition process because of its relative simplicity 
and ease of use21.  In principle, PLD involves no more than focusing a pulsed high-energy 
laser onto the surface of a target material in a vacuum and placing a substrate across from the 
target to deposit the removed material onto.  Most current PLD processes use a very short 
pulse length with a duration of either hundreds of femtoseconds25-28 or tens of nanoseconds29-
32
.  During the time the surface is illuminated by the laser, most of the energy in the beam is 
absorbed by the target, heating the target.  For opaque materials the only energy that is not 
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absorbed is the energy reflected from the target surface.  For YBCO the amount of energy 
reflected has been found to be only about 4.4%, meaning that more than 95% of the energy 
from the laser pulse is absorbed by the target24.  A pulse with sufficient energy induces a 
phase transformation in the surface layers of the material, either melting and evaporating it, 
or directly vaporizing it from the solid phase33-35.  The resulting vapor is comprised of 
ionized species, neutral species, and possibly some clusters of atoms35, 36.  Relative amounts 
of these species are highly influenced by the parameters of the laser during the deposition.  
However, in order to produce high quality, smooth films monatomic neutral atoms and ions 
are most desirable since their small size allows them to rearrange on the surface of the film 
into the desired arrangements35.  Large clusters have much more limited mobility and tend to 
form thin films with high surface roughness.   
After the vapor has been produced, it rapidly expands away from the target surface in a 
direction normal to the target surface, forming a material plume.  If another surface is 
positioned in the path of the material plume, a thin film will be deposited.  To avoid ablating 
a hole through the target material the target must be rotated during the process about its 
center or the laser scanned over the surface35.  This has the added benefit of maintaining a 
high efficiency of material deposition on the substrate since deep grooves or holes in the 
target material tend to block the ejected vapor from easily leaving the target and decrease the 
deposition rate.  Specifically with dielectric ceramic targets, continued ablation of the same 
spot has been found to cause a substantial decrease in material removal rate with the number 
of laser pulses incident on the material24.  By changing the point on the target being ablated 
this shadowing effect is reduced by tending to ablate material that is at or near the original 
surface level of the target.  Figure 3.3 shows a schematic of a pulsed laser ablation chamber.   
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Figure 3.3: Schematic of pulsed laser deposition chamber 
 
3.2.2 Removal of Material from a Target during Pulsed Laser Deposition 
During the time the target surface is illuminated by the laser light and for a period of time 
directly after the event, several interactions occur between the light and the material and 
inside the material itself that determine the type and amount of species that are emitted from 
the surface of the target.  These interactions include the absorption of energy from the laser 
by the target material and subsequent removal of material from the target through 
equilibrium and non-equilibrium processes33, 35, 37.  Regardless of the time scale of the laser 
pulse, similar mechanisms govern the absorption of light by the material33, 35.  However, 
further processes occurring in the target material involving the transfer of energy from the 
electrons to the lattice depend largely on the time scale of the laser pulse33, 35.  These later 
steps are responsible for the removal of material from the target and therefore differences 
exist between the types of species emitted after a laser pulse by nanosecond pulsed lasers and 
femtosecond pulsed lasers38.  Because they determine the type of material ejected from the 
target, these interactions determine the final chemistry and surface quality of thin films 
produced by pulsed laser deposition.   
Material ablation using a laser light source requires first that the laser be absorbed by the 
material to be ablated.  The ability of a material to absorb the light incident on its surface 
determines the efficiency with which material can be ablated.  Clearly, if a wavelength of 
27 
 
light is used for the ablation process that is strongly absorbed by the material, a less intense 
light source is required to ablate the same amount of material than if a wavelength that is less 
strongly absorbed is used.  While this means that a given material can be more efficiently 
ablated by a laser wavelength that is strongly absorbed by the material, it can pose problems 
for multi-phase materials39.  For instance, past work at producing AlMgB14 thin films via 
PLD using a laser with an 800nm wavelength were found to have an excessive concentration 
of oxygen in the films.  This was attributed to the strong absorption of the Al2MgO4 spinel 
phase in the targets39.  Because the oxygen bearing phase was more efficiently ablated, more 
oxygen was incorporated into the film.   
Incident light can be absorbed in one of several ways.  First, photons having sufficiently 
high energy can induce electronic transitions in the material in which an electron absorbs a 
photon and transitions into a higher energy state.  Second, photons with slightly less energy 
can excite phonons and cause the material to transition between vibrational states40.  Both of 
these methods involve the absorption of single photons in discrete processes.  However, at 
high laser fluencies non-linear absorption mechanisms, such as multi-photon absorption, can 
dominate the process35, 37.  These non-linear effects are essential for the absorption of light by 
transparent large band gap insulators such as alumina in which the single photons do not 
have enough energy to promote an electron across the band gap35.   
Photon absorption is dominated by single photon absorption events at low laser fluences 
or if the laser energy is greater than the band gap of the material being ablated37.  While 
photon absorption by both electron and vibrational transitions has been completely described 
by quantum mechanical models40, classical descriptions of absorption of light are for the 
most part sufficient35.  Generally, when light is incident on a target surface, the electric field 
causes oscillations of the electrons in the structure, which can absorb the energy by 
transitioning to a higher energy excited state40.  For dielectric materials, an electron 
transitions to a higher state by absorbing a photon with an energy equal to or greater than the 
band gap energy and moving from the valence band to the conduction band.  Absorption of 
light by solids has been described by the Beer-Lambert law35:  
zeIzI α−= 0)(  
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where I is the intensity of the light, I0 is the intensity of light at the reference surface, z is the 
depth below the reference surface, and α is the absorption coefficient.  The absorption 
coefficient is a measure of the absorption strength of a particular material at a particular 
wavelength.  Of course, the absorption coefficient is related to the imaginary part of the 
index of refraction35: 
λ
pi
α
k4−
=  
where λ is the incident wavelength and k is the imaginary part of the refractive index where 
the refractive index is given by:  
iknn r +=  
where nr is the real part of the refractive index.  Not all of the light incident on the surface of 
any material can be absorbed because a portion of the incident beam is necessarily reflected 
at the solid interface41.  The percentage of the incident intensity that is reflected is related to 
the complex refractive index and given by the equation35:  
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Light that is not reflected is absorbed by the material with the Beer-Lambert law indicating 
how deep the light penetrates into the material before it is completely absorbed.  For thin 
films the refractive index is typically measured using an ellipsometry technique35.  
Ellipsometry has been thoroughly described in other work42. 
At much higher laser fluences the high density of photons available dramatically 
increases the odds of photon absorption, even in materials where the photon energy is less 
than the band gap, via the process of multiple photon absorption37.  In this regime the Beer-
Lambert law is no longer valid, and photons are absorbed much more readily than expected.  
In this case several photons may be incident on the same electron at the same time, allowing 
for all to be absorbed simultaneously.  For this absorption to happen the combined energies 
of the incident photons must be large enough to excite the electron across the band gap of the 
material.  This process is much less likely than the case where a single photon is energetic 
enough to be absorbed, but if the iridescence of the light is high enough, the probability of 
the light being absorbed by this mechanism may become high enough so that for wide band 
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gap materials this is a major mechanism for photon absorption37.  Previous work, however, 
has measured the band gap in AlMgB14 to be 0.5eV, which is much smaller than the energy 
per photon in either the UV or NIR radiation used in most PLD processes43.  Near infrared 
(NIR) radiation at 800nm, for example, has an energy of 1.55eV per photon, which is enough 
to promote an electron in AlMgB14 across the band gap.  Therefore, most of the absorption of 
energy by AlMgB14 probably occurs by single photon excitation of electrons across the band 
gap into conduction states.  Additional energy absorption can occur if electrons in the 
conduction band continue to absorb photons to either transition to a higher energy state or to 
ionize.  As a result, as more electrons are promoted to the conduction bands of a dielectric 
material, the absorption coefficient increases dramatically33.   
Once energy has been absorbed, the mechanism for removal of material depends strongly 
on the time duration of the laser pulse.  For excimer lasers with pulse durations of tens of 
nanoseconds, the energy absorbed by the electrons is transferred to the ion lattice when the 
energy released by the decay of the excited electrons back to the ground state is converted to 
phonons35.  This transition occurs over a time period of several picoseconds since the energy 
must be transferred by many collisions between lattice ions and causes rapid heating of the 
volume of material absorbing light from the laser.  In fact, the temperature of the surface 
irradiated by an excimer laser can increase at a rate of up to 1010K/s 35.  Material can sublime 
from the hot solid, but this process causes only very little material to be removed.  Rather, 
once the material is heated, it rapidly melts as the heat diffuses into the solid.  This causes the 
liquid interface to propagate into the solid, allowing a small amount of the volume of the 
bulk material to melt24.  Removal of material by evaporation from the liquid material is much 
more efficient, and the rate of evaporation increases exponentially with material temperature 
according to the Clausius-Clapeyron equation35.  Rapid evaporation of material from the 
target surface can have deleterious effects, however.  Rapid evaporation from the surface 
causes the surface to cool with respect to the bulk since the heat of vaporization must be 
supplied to form the vapor.  Since this causes the surface to cool and contract while the bulk 
is expanding, droplets of material can be forcibly ejected from the surface during this stage.  
Alternatively, droplets can be formed from asperities on the target.  Due to surface tension 
these asperities form spherical droplets when melted that are ejected from the target surface 
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because of interactions with the underlying bulk35.  Both the vapor and droplets accelerate 
away from the target surface in a direction nearly normal to the surface, resulting in the very 
narrow special deposition distribution characteristic of the PLD processes.  Further, as it 
initially leaves the target, the vapor is further ionized and heated by the laser light, forming a 
plasma.  In general, this process could cause the plasma to become a very good absorber of 
laser light, particularly of visible or IR radiation, but short wavelengths are poorly absorbed 
by the plasma35.  The deposition of the vapor, whether neutral or ionized, and droplets on the 
substrate causes the film to be built up.   
The ablation process using excimer nanosecond lasers is strongly influenced by the 
photon energy of the laser light, the chemical composition of the target material, and the laser 
iridescence.  The influence of laser iridescence has already been discussed previously in 
terms of multi-photon absorption.  The effects of photon energy and chemical composition 
are closely related to each other and will be discussed together.  Sufficiently energetic 
photons can cause photolysis of chemical bonds in the material35, which causes an increase in 
direct conversion of material from the solid state to the vapor state.  For photolysis to occur 
the energy of the incident photons must be large enough to break most of the types of bonds 
in the material44.  This causes the affected atoms to be immediately removed from the bulk 
and placed into the vapor35.  Significantly, the ability to directly break chemical bonds with 
the laser pulse means that stochiometry is reproduced even better in resulting films because 
volatility differences between species do not affect material removal.  For instance, this 
process has been clearly demonstrated by using ArF, KrF, and XeF excimer lasers with 
wavelengths of 193nm, 248nm, and 351nm, respectively, to ablate hydroxyapatite.  The 
difference between these lasers was that the ArF and KrF lasers had photons with energies 
that exceeded the bond energies for a majority of the bond types in the material while the 
XeF laser had photons that exceeded the bond energies of none of the major bond types in 
the material.  As a result, material was removed directly from the solid phase using the ArF 
and KrF lasers while the material was first melted and then evaporated using the XeF laser.  
A higher laser iridescence was required to remove material using the XeF laser, but material 
was removed much more rapidly44.    
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The mechanism for material removal using pulsed lasers with pulse durations on the 
order of hundreds of femtoseconds is very different from the mechanisms for pulse lengths 
lasting for tens of nanoseconds because there is insufficient time for the mechanisms that 
cause material removal in the nanosecond regime to operate during a much shorter pulse33.  
There is not enough time during the laser pulse for the material to melt and then evaporate as 
there is in the nanosecond regime.  As noted previously, energy is transferred during 
nanosecond laser pulses from the electrons to the lattice over a period of several 
picoseconds35.  Once this energy has been largely distributed, atoms are removed by 
evaporation.  However, the femtosecond laser pulse ends before this process has a chance to 
occur.  Rather, atoms in the material are removed from the material by processes much 
further from equilibrium.  These processes demand a higher intensity of laser light to exceed 
the ionization threshold for the material.  During the pulse and in the interval of time directly 
after it, material is removed from the bulk via three mechanisms: electrostatic ablation, non-
thermal ablation, and thermal evaporation33.    
Electrostatic ablation involves primarily the motion of electrons and therefore occurs 
over the shortest timescale.  This is the only process that can remove material from the target 
during the duration of the laser pulse.  Electrons excited by the incident laser light can escape 
the surface of the material via the photoelectric effect if they are given more energy than the 
work function, which can be imparted either via single photon absorption or via multiple 
photon absorption33.  If enough electrons are removed from the surface of the material, a 
space charge develops over the material from an accumulation of the ejected electrons.  
Simultaneously, the ions left in the lattice in the material develop a net positive charge as a 
result of the loss of electrons and an attraction exists between these two charges.  If the 
electron energy exceeds the binding energy of the ions in the lattice, the ions will be 
accelerated out of the material and form a plasma over the surface34.  On the other hand, if 
the electrons have less energy than the ion binding energy, material will not be removed and 
electrons will return to the lattice.  The time necessary to remove ions from the lattice via this 
process is about 40fs.  During this process there is insufficient time to transfer thermal energy 
from the electrons to the ions or the material lattice via collisions in the lattice, and the 
plasma and bulk material both remain cold33.   
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Removal of material from the surface continues after the end of the pulse since the 
energetic electrons remaining in the material collide with ions in the lattice and transfer their 
energy to the lattice, heating the lattice to hundreds or thousands of Kelvins.  At this very 
high temperature, ions are removed from the superheated material via a non-equilibrium 
evaporation process.  Near the surface, before there has been time for collisions between ions 
and electrons to establish a thermal equilibrium, the ions in the lattice are very hot, and the 
average velocity of an atom in the lattice is higher than the speed of sound in the material.  
These excited ions subsequently evaporate from the surface at speeds greater than the speed 
of sound in the material.  This means that material leaves the surface of the material faster 
than the equilibrium rate33.  At still longer times, after many collisions between electrons and 
ions, electron and ion collisions have established equilibrium in the material and further 
material removal occurs by evaporation of the material from the solid33.  This third material 
removal process is particularly slow and contributes little to the amount of material removed 
with each pulse33.  At no point during the ablation process is the material melted and 
therefore the emission of large droplets is largely eliminated.   
One significant difficulty concerning ablation with a femtosecond laser is the formation 
of nanoparticles in the material plume leaving the target.  Many experiments have shown that 
thin films made from laser ablation using laser pulses with widths of less than a few 
picoseconds are not smooth films, but rather are found to be composed of nanoparticles 
stacked on top of each other45- 48.  These nanoparticles tend to be less than 1µm across and 
have been reported to have a different origin than the larger droplets found on films made 
from pulsed laser deposition using laser pulses with temporal widths of nanoseconds 
described previously47, 49.  Particles on films made with nanosecond lasers tend to be large 
with sizes on the order of one to several microns and are known to be made from droplet 
ejection from the surface of the target material as previously described35.  As a result, these 
particles have a surface that appears to have been solidified from the liquid material.  
Nanoparticles associated with femtosecond pulsed laser deposition, on the other hand, are an 
order of magnitude smaller in size, much more numerous, and have generally smooth 
surfaces that show no evidence of solidification from a liquid state.  This, along with other 
evidence collected, suggests that the origin of nanoparticles in the case of femtosecond laser 
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pulses is a condensation process from the vaporized material emitted from the target during 
and directly after the laser pulse47.   
Understanding the origin of nanoparticles in the thin films requires that the mechanisms 
of material removal during pulsed laser deposition be considered.  The bulk of material 
emitted from the sample occurs in the non-equilibrium evaporation phase after the end of the 
laser pulse33.  Material, as described previously, is removed rapidly during the initial laser 
pulse and the few picoseconds directly afterwards as a result of the high temperature of the 
material surface.  Initially, this ejected material is at some high temperature and pressure as a 
result of the rapid laser heating of the surface of the material50.  Some estimates have placed 
the temperature of the surface of the target material at several thousand Kelvin48.  While this 
temperature may be higher than actually found at the surface, the surface is certainly very hot 
because insufficient time is allowed before the emission of material from the surface for a 
significant amount of heat to be conducted into the bulk of the material48.  Particularly if the 
material is a good insulator and electron conduction is limited, the surface can take several 
nanoseconds to cool from ion vibrations alone.  Density of the ejected material is also 
exceptionally high at the surface directly after the laser pulse because the thermal expansion 
of the material cannot occur faster than the speed of sound in the material and the material 
has no time to expand during the pulse.  As a result, the density of the vapor around the target 
surface remains nearly the same as the density of solid material50.  At this temperature and 
pressure, the vapor can hardly be described as a gas because it is likely above the critical 
temperature and pressure.  Rather, the situation is better described as a fluid47.   
After the initial laser pulse, the fluid around the target surface expands adiabatically into 
the surrounding vacuum in the time immediately following the laser pulse50.  As the fluid 
expands, it cools, and its density drops rapidly.  This situation creates two competing 
thermodynamic influences.  On one hand, as the fluid cools and its density remains high, 
solids or liquids can condense out of the fluid phase and form particles.  This effect is based 
on the principle that as the gas cools, eventually it will be supersaturated with respect to 
either forming a liquid or a solid.  Once the gas becomes supersaturated, particles rapidly 
precipitate out of the gas.  On the other hand, the rapid decrease in pressure occurring as the 
fluid expands will cause the species in the fluid to remain as a gas as they expand.  If the 
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expansion is rapid enough, the density will drop to the point that the fluid will never become 
supersaturated and so particles will never precipitate out47.  The basic concern is whether the 
adiabatic cooling path of the fluid from its initial temperature and pressure crosses the fluid-
condensed phase boundary.  Clearly, a higher initial temperature will favor the fluid 
expanding to a stable gas before particles precipitate whereas a lower temperature will favor 
the opposite case.  Figure 3.3 shows a simplified schematic of temperature-density behavior 
of the fluid as it expands (density increases as pressure increases47).  This figure shows that at 
the correct combinations of initial temperature and pressure particles will precipitate out of 
the fluid.  At some critical temperature, however, the gas expands and density drops quickly 
enough that the temperature and pressure never reach the necessary conditions for the 
formation of particles.  Regardless of the path the expansion is rapid and nanoparticles that 
form are formed shortly after the laser pulse and have been found to be emitted from the 
target after tens of picoseconds.   
 
Figure 3.4: Simplified phase diagram of the various phases available to the expanding gas.  CP is the 
critical point and TP is the triple point.  The dotted lines show the path of the expanding gas at different 
initial temperatures47. 
 
Several deleterious effects for film homogeneity can occur during the formation of 
nanoparticles.  The composition of nanoparticles can be, but is not necessarily, identical to 
the composition of the original target material.  One author reported that while ablating AlN 
targets using a femtosecond pulsed laser nanoparticles made of AlN, Al, and Al2O3 were 
found in the resulting film.  Particularly, the presence of Al2O3 crystallites in the films 
indicates that the species must have been first completely disassociated and then condensed 
before striking the substrate.  In order to form crystals of Al2O3 the aluminum must have 
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been disassociated from the nitrogen and allowed to react with residual oxygen in the 
deposition chamber47.  Further, segregation of different species can occur during 
femtosecond laser ablation.  One author showed that particles produced from a BaTiO3 target 
were enriched in titanium in the film directly normal from the target.  However, at larger 
angles these particles were actually enriched in barium47.  This sort of segregation is not seen 
during ablation with a nanosecond laser. 
Several parameters have been found to influence the formation of nanoparticles.  Most 
importantly, the laser fluence controls the emission of nanoparticles.  As noted before, 
increasing the surface temperature of the target is expected to prevent the formation of 
nanoparticles47, 50.  This situation has been observed, and films free of particles can be 
produced at very high fluences.  However, at large energy densities droplet production 
increases dramatically due to the same mechanisms occurring with nanosecond pulsed lasers 
discussed previously47.  Above a specific energy density, emission of droplets increases very 
rapidly.  As with the nanosecond laser, these droplets are formed by emission of liquid 
material from the surface.  Secondly, the laser spot size can influence nanoparticle 
production.  Larger spot sizes have been found to result in increased emission of 
nanoparticles, while smaller spot sizes have been found to result in increased emission of 
droplets47.  Based on these observations it appeared to be difficult to entirely avoid the 
production of particles during femtosecond ablation; either nanoparticles would form at low 
intensities or larger droplets would form at higher intensities.   
Nanoparticles do not form from targets ablated with nanosecond lasers because of the 
duration of the nanosecond pulse.  During the femtosecond ablation processes the laser pulse 
ends long before the vapor is produced, and so the vapor is free to condense into 
nanoparticles.  In contrast, the time scale for nanosecond laser pulses is much longer than the 
time required for material to be emitted from the target.  Because of this, material continues 
to absorb energy as it expands away from the target35.  This keeps the material hot and 
prevents it from condensing into nanoparticles.  As a result, films produced by nanosecond 
pulsed laser ablation are free of nanoparticles, but because of the high energies and long 
times involved, are covered in droplets.   
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3.3 Past Work on AlMgB14 Thin Films 
Since 2002 intermittent work has been conducted at Iowa State University on depositing 
and characterizing thin films of AlMgB14 using pulsed laser deposition.  Some of this work 
has focused on characterizing the evolution of the microstructure of these films during 
annealing steps after the initial deposition process29.  Work by Tian, et al investigated the 
microstructure of thin films of the compound that had been deposited using nanosecond 
pulsed laser deposition29.  In this work AlMgB14 was deposited onto oxidized (100) oriented 
silicon substrates under vacuum using a 10Hz KrF excimer laser with a wavelength of 248nm 
and a pulse duration of 23ns.  Targets ablated to make these films were nominally of the 
desired AlMgB14 phase, but due to processing had some amount of spinel (Al2MgO4) 
incorporated in the structure.  Silicon substrates were placed about 7cm away and directly 
across from the target.  Before every deposition the deposition chamber was evacuated to a 
pressure of less than 3x10-6 Torr.  Depositions were carried out at room temperature, 300°C, 
and 600°C.  Each deposition lasted three hours, and the deposition rate was approximately 
0.014Å/pulse (8.4Å/min29).  After deposition some of the films were further annealed in an 
inert argon atmosphere for two hours at 900°C or 1000°C.   
While PLD is a commonly used process to reproduce complex ceramic chemistries as 
thin films29, x-ray photospectroscopy (XPS) showed that the process reproduced the desired 
1:1:14 chemistry very poorly; for all the deposition substrate temperatures a large amount of 
oxygen, iron, and carbon were incorporated in the films.  In addition, all of the films were 
found to be slightly enriched in aluminum and deficient in magnesium compared to the 
atomic percentage of boron in the thin films.  As the substrate temperature during deposition 
was increased, this deviation in film chemistry from the ideal case became larger.  Table 3.3 
summarizes the atomic composition of the films, disregarding impurities.  At room 
temperature the film composition deviated only slightly from the desired chemistry, having 
only a slight enrichment in aluminum.  However, films deposited at 600°C showed a 
significant enrichment in aluminum and deficiency in magnesium.  Deposition temperature 
was also found to have an effect on silicon incorporation into the films during the post 
deposition annealing at 1000°C; as deposition temperature increased, the amount of silicon 
incorporated during later steps decreased.  This was attributed to an increase in film density 
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with increased deposition temperature.  As the film density increased, and the number of 
defects in the film decreased, the diffusion rate of silicon in the films decreased29.   
 
Table 3.3: Summary of composition of films made with an excimer laser29 
Substrate Temperature (°C) B (at %) Al (at %) Mg (at %) 
27 85.22 8.84 5.94 
300 86.21 9.03 4.76 
600 82.43 14.47 3.11 
 
All of the as-deposited films were found using X-ray diffraction (XRD) analysis to be 
amorphous, although it was possible some contained nanocrystals that were undetectable by 
XRD.  Only peaks for the (200) plane of the silicon substrate were visible in any non-
annealed film.  Annealing the films at 900°C was found to be insufficient to cause the films 
to crystallize.  However, when annealed at 1000°C, the films deposited at room temperature 
and 300°C were found to crystallize and form the AlMgB14 phase29.  Interestingly, no peaks 
for either the Al2MgO4 or FeB phases were observed in the thin film XRD patterns, but one 
FeSi2 peak was observed.   
Films that had been annealed were further found to develop large cracks during the 
annealing process29.  Such cracks would be detrimental to the mechanical performance of the 
films because they break up the surface of the film, allowing easier mechanical damage from 
a contacting surface.  However, it was unclear whether these cracks were the result of the 
annealing process itself or a result of the large mismatch of thermal expansion coefficient 
between the silicon substrate and the thin films layers.   
Similar films were produced later using a femtosecond laser39.  These films were 
produced under similar vacuum conditions as described above.  However, a Ti:sapphire laser 
with a wavelength of 800nm, a repetition rate of 1000Hz, and a pulse duration of 120fs was 
used to ablate the target material.   All depositions using this laser were carried out at room 
temperature for one hour.  After deposition the films were annealed at 800°C, 900°C, 
1000°C, or 1100°C for two hours.  XPS analysis of films produced in this way showed that 
the femtosecond laser produced films with chemistries varying greatly from the desired 
AlMgB14 composition and had instead a composition of about AlMgB10.  Further, these films 
were found to have a significant fraction of oxygen incorporated into the films.  The authors 
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attributed this affect to the strong absorption of spinel at the laser wavelength of 800nm, 
making it a more efficiently ablated species than the AlMgB14 phase39.   
XRD and bright field tunneling electron microscopy (TEM) on the films before and after 
annealing at 1000°C for two hours showed that the films were amorphous after deposition 
and did not crystallize even after annealing at temperatures up to 1000°C39.  Annealing steps 
at 1100°C did cause a crystalline SiB6 phase to form, but the desired AlMgB14 phase was not 
observed to form at any annealing temperature.  This effect was attributed to the very high 
concentration of oxygen in the films produced with the femtosecond pulsed laser possibly 
inhibiting the formation of the AlMgB14 phase.  It was suggested that the oxygen instead 
oxidized the film and formed a complex glass structure with the boron acting as the network 
former39.  Significantly, however, the films deposited using the femtosecond pulsed laser 
were not observed to form cracks during the annealing steps like the films made with the 
nanosecond laser had.  This effect, while interesting and potentially useful for making wear 
resistant thin films, was not explained further39.   
Other research into AlMgB14 films made with pulsed laser deposition has focused on 
characterizing the wear resistance behavior of the films.  In work done at Iowa State 
University, Molian, et al coated cemented tungsten carbide cutting bits with AlMgB14 and 
AlMgB14-TiB2 composite films and investigated their performance while machining 1045 
medium carbon steel and titanium51, 18.  For machining tests on 1045 steel, C-2 and C-5 
carbide cutting tool inserts were coated with AlMgB14 using an excimer laser with a 
wavelength of 248nm, a pulse width of 23ns, and a repetition rate of 5Hz employing the PLD 
processes described above.  AlMgB14 and AlMgB14+TiB2 were deposited on the inserts as 
the wear resistant coating to compare their performance.  During the depositions the cutting 
inserts were heated to 500°C to promote film adhesion51.  The coatings produced during 10 
to 60 minutes of deposition varied in thickness from 0.2 to 1.5µm and SEM analysis of the 
coated and uncoated cutting tools showed that the PLD process had apparently reduced the 
surface roughness of the tool and deposited a smooth and continuous film51.  Figure 3.4 
shows the coated and uncoated cutting tools.  However, the films were found to be covered in 
many round particulates which were assumed to be droplets ejected from the target via the 
process described earlier.  A cross section view of the film, obtained by fracturing the cutting 
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tool the film was deposited on, revealed that the film was brittle and strongly adhered to the 
substrate51.  Figure 3.5 shows this fracture cross section.  Nanoindentation was used to 
measure the hardness of both the underlying substrate and the deposited film.  The authors of 
this study reported that the AlMgB14 film improved the hardness of the tool surface from 
about 13GPa to about 20GPa51.  However, 20GPa was substantially less than the bulk 
hardness of the boride material of 29GPa.  The apparently low hardness of the coatings was 
attributed to the variations in surface thickness of the boride coating and the surface 
roughness of the film caused by the many particulates on the surface51.  Both of these would 
have had the effect of introducing uncertainty into the hardness measurements.   
 
 
Figure 3.4: Secondary SEM images of coated (right) and uncoated (left) cutting tools51. 
 
 
Figure 3.5: Secondary SEM image of film cross section.  Rough grains on the left are the WC substrate 
while the film is the relatively smooth surface on the right51. 
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Machining tests on these films showed that the coatings were able to reduce both flank 
wear and nose wear on the cutting tools.  Flank wear in the cutting tools was found to be 
reduced by an average of 12% during the cutting test.  However, the decrease in wear on the 
tool was found to be of a consistent amount, and therefore the percentage improvement in 
wear decreased with time.  Also, this uniform decrease in wear is more likely the result of the 
film delaying wear for the initial portion of the test and then quickly wearing off, allowing 
the tool to then wear at the same rate as if it were uncoated.  A thicker coating would be 
expected to improve wear resistance of the cutting tools simply because it would provide 
more volume to wear away before the underlying tool substrate was affected51.  Similar 
impressive decreases in nose wear on the same tools were noted.  However, once again the 
thinness of the films reduced the effectiveness of the films to reduce wear in the tools.  For 
comparison, industrially produced wear resistant coatings using either a chemical vapor 
deposition (CVD) or a physical vapor deposition (PVD) process are usually between five and 
fifteen micrometers thick, which was an order of magnitude thicker than the AlMgB14 films 
studied51.   
AlMgB14 thin films were also investigated as wear-resistant coatings for titanium 
machining.  The best tool material for machining titanium is cemented WC/Co with 6%Co 
binder.  However, tools made of this material still wear out quickly.  Various wear resistant 
coatings that work well for machining steel, including TiC, TiCN, and other titanium-based 
coatings have been found to actually increase wear on tool surfaces due to chemical 
interactions between the coating and the titanium work piece at the elevated cutting 
temperatures18.  AlMgB14 was investigated as a possible alternative to increase the life of the 
tool because of its low chemical reactivity with titanium metal, even at elevated 
temperatures, as noted above.   
Tungsten carbide cutting inserts were coated with AlMgB14+20%TiB2 using the PLD 
process described above.  Targets of this material for the PLD process were produced by the 
mechanical alloying and hot pressing process described previously.  The final targets were 
half-inch diameter cylinders of the material.  Once again, the substrates were heated to 500°C 
during the deposition process to improve adhesion of the film to the substrate.  The 
morphology and mechanical properties of these films were identical to the films produced for 
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machining steel18.  As expected, the films were able to substantially improve both flank and 
nose wear compared to uncoated tools for machining titanium.  While the initial behavior of 
the coated and uncoated tools appeared to be nearly identical, wear in the uncoated tools 
accelerated much faster as the test progressed than in the coated tools.  The coatings led to an 
average of 60% reduction in nose wear and an average of 40% reduction in flank wear as 
compared to the uncoated tools18.  Large reductions in tool wear, as observed in the work by 
Molian, et al, suggested that the life of an average cutting tool could be substantially 
improved by coating the tool with the AlMgB14 compound.   
This past work in deposition of wear-resistant coatings and testing the wear properties of 
tools coated with AlMgB14 compared to uncoated tools shows that the coatings have the 
potential to substantially improve tool life for machining both steel and, especially, titanium 
alloys.  The limiting factor identified by Molian, et al appears to have been the thickness of 
the films18.  Specifically addressing this problem in future work could lead to a substantial 
increase in tool performance for future generations of coated cutting tools.   
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Chapter 4: Comparison of Films Made with Nanosecond and Femtosecond 
Lasers 
4.1 Overall Procedure 
4.1.1 Production of Target 
Pulsed laser deposition requires targets of the desired starting chemistry to be produced 
prior to depositions.  Bulk samples of AlMgB14 for use as targets for pulsed laser deposition 
were prepared by consolidation and hot pressing of mechanically alloyed AlMgB14 powders.  
Powder was produced by mechanically alloying charges of aluminum, magnesium, and 
boron powder in the proper atomic ratios to produce the AlMgB14 phase using planetary 
milling.  The composition of each charge is summarized in Table 4.1.  Milling was conducted 
in three steps consisting of millings of 2, 25, and 25 hours for a total of 52 hours.  Between 
each step the powder was brought into a glove box and agglomerates were broken up with a 
pestle.  Planetary milling was chosen over vibratory milling because, as noted in Chapter 3, 
less iron becomes incorporated into the powders as a result of planetary milling.  Using 
planetary milling iron contents as low as 1% could be achieved in the final powders 
compared to iron contents of 10%-15% for powders produced by vibratory milling.  To 
minimize oxygen contamination, powders were handled under a helium atmosphere.   
 
Table 4.1: Composition of powder charges 
Element  Amount  per charge (g) Atomic Percent 
Aluminum 3.3287 6.25 
Magnesium 2.9988 6.25 
Boron 18.6725 87.5 
 
One-inch targets were made by loading a graphite die with about six grams of 
mechanically alloyed powder and hot uniaxially pressing the powder under an argon 
atmosphere.  Hot pressing mechanically alloyed powders to produce the AlMgB14 phase has 
been described in more detail in other work1.  Carbon was removed from the surface of the 
pressed pellet with abrasive grit blasting and grinding off the top layers of the material.  To 
increase the density of the ceramic pellets they were then hot isostatic pressed1.  This 
increased their density to about 2.72g/cm3, which was about 95.9% of the theoretical density 
of AlMgB14 with the iron and oxygen impurities typically observed in pellets made from 
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planetary milled powders.  Iron and oxygen impurities increase the theoretical density of the 
pellets because they react with the AlMgB14 material to form FeB and Al2MgO4 in the 
pellets.  These compounds are denser than AlMgB14 and increased the theoretical density of 
the pellets above that of pure AlMgB14.  Before being used as a target for a pulsed laser 
deposition process, the top of each target was ground with 45µm diamond slurry to ensure a 
flat and uniform surface for each deposition.   
 
4.1.2 Substrates and Preparation of Substrates 
All films were deposited on substrates of either soda-lime-silicate glass or M2 tool steel.  
Glass substrates were prepared from microscope slides by cutting each 1” x 3” slide into 
three 1” x 1” slides which could be used as substrates.  M2 tool steel substrates were 
prepared from rotary pump vanes.  Each vane was cut in half to produce a 0.688” x 0.625” 
substrate that was then polished down to a surface roughness of 100nm on one side.  The 
other side was left in the as-received condition. The thin film was then deposited on the 
polished side.  Substrates were polished so that the film coverage would be more uniform and 
prevent asperities from being covered with more or less material than other areas of the 
substrate.  Before any deposition both the target material and the substrate material were 
cleaned to remove any organic residues from the surface in ultrasonic baths of first acetone 
and then ethanol.   
 
4.1.3 Pulsed Laser Deposition of Thin Films 
Thin films of AlMgB14 were produced using a pulsed laser deposition system consisting 
of a pulsed laser source to provide the energy necessary to ablate the material, the optics 
associated with the laser, and the vacuum chamber itself, in which the films were deposited 
as described in Chapter 3.   Two separate lasers were used in this project, each with its own 
properties, advantages, and shortcomings.  During the first stage, an excimer laser with an 
output wavelength in the ultraviolet region of 248nm was employed.  Excimer lasers produce 
a laser pulse using a mixture of an inert gas such as krypton, argon, or xenon and fluorine as 
the lasing medium.  The particular laser used in this project, a Lamda Physik Nova Tube 
excimer laser, used a krypton – fluorine mixture as the working gas, which produced the 
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wavelength of 248nm.  The pulse length and maximum repetition rate were 23ns and 10Hz, 
respectively.  One advantage of this laser was that the energy output of the laser could be 
tuned between 80mJ and 300mJ per pulse, allowing the effects of the laser energy on the thin 
film deposition to be easily investigated.  These pulse energies corresponded to average 
output powers of between 0.8W and 3W for the laser system.  A single quartz lens with a 
focal distance of 1.0m was used to focus the beam directly into the vacuum chamber and into 
a spot 1mm square on the target material.  Figure 4.1 shows the setup of the excimer laser 
and its optics.  
 
 
Figure 4.1: Nanosecond laser with associated optics.  The laser is the large orange box on the table.  The 
single quartz lens in the metal enclosure focuses the beam into the deposition chamber.   
 
A Spectra-Physics Solstice laser was used for the second stage of the project.  This laser 
produced a beam with a wavelength in the near infrared regime at 790nm using a Ti:sapphire 
lasing medium.  The Solstice laser was a compound laser consisting of two other Spectra-
Physics laser products: a Mai Tai laser head that produced the laser pulse and an Empower 
amplifier that amplified and shaped the final pulse.  The system produced a laser pulse with a 
duration of 100fs and an energy of 2.4mJ at a repetition rate of up to 1000Hz.  At 1000Hz, 
2.4mJ of energy per pulse corresponds to 2.4W of output power.  Unfortunately, the output 
power of this laser could not be easily changed to investigate the effects of changing output 
power on the deposited films.  The initial optics for this laser were nearly identical to the 
optics used for the excimer laser and consisted of several mirrors to direct the  beam into the 
deposition chamber and a single lens with a focal length of 0.50m to focus the beam into a 
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circular spot on the target with a 0.50mm diameter.  Figure 4.2 shows the laser and its 
accompanying optics.   
 
 
Figure 4.2: Femtosecond laser with associated optics.  The laser is the large white box on the table.  
Several mirrors are placed to direct the laser output into the vacuum chamber.  Finally, the lens on the 
very left side of the picture focuses the beam into the deposition chamber.   
 
All depositions were carried out under vacuum with an ambient pressure of less than 
1x10-6 Torr.  The vacuum system used is shown in Figure 4.3.  Vacuum was obtained using a 
mechanical roughing pump at higher pressures and a mechanical turbo-pump a lower 
pressures.  During pumping, the chamber could be heated using resistive heaters around the 
outside of the chamber to accelerate the pumping process.  Generally, the desired pressure 
could be obtained in the system after about five hours of pumping.  Samples could be heated 
up to 950°C in the vacuum chamber during deposition using a resistive heater under the 
sample holder.  A shutter, located between the sample and the target holder, allowed the 
target material to be ablated by the laser, and thereby remove the surface layer, before the 
deposition began without depositing that material on the sample.  Further, the target material 
was mounted on a rotating stage that allowed it to be rotated during the deposition process to 
prevent ablating a very deep hole into the target.   
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Figure 4.3: Vacuum chamber used for film depositions 
 
The general procedure for depositing all of the films during this project was to first load 
the substrate and target into the chamber in their respective holders.  The vacuum chamber 
was then heated while it was evacuated to a pressure of less than 1x10-6 Torr.  Frequently, 
pressures less than 5.0x10-7 Torr were obtained with the vacuum chamber.  Once the desired 
pressure had been reached, the chamber heaters were turned off and the chamber allowed to 
cool before the deposition began.  Directly prior to each deposition the laser output power 
was measured and the target material was further cleaned by ablating the surface of the target 
for about five minutes to remove any oxides that had built up on its surface.  After this, the 
shutter was then raised and the film was deposited for a fixed amount of time.  Typical 
deposition times to produce a film 1µm thick using the excimer laser were around 20 hours 
while typical deposition times using the Solstice laser were around six minutes.  After each 
deposition the sample was replaced so deposition process could be repeated.     
 
4.2 Films Produced with the Excimer Laser 
As described in Chapter 3, several differences exist between films deposited with the 
excimer laser and the Solstice laser because the former has a pulse width of tens of 
nanoseconds, and the later has a pulse width of hundreds of femtoseconds.  Briefly, this 
difference arises because, as a result of the long pulse length of the excimer laser, it 
continued to provide energy to the material after it had been ablated while the short pulse of 
the Solstice laser ended before much material had been removed from the sample.   
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Films produced using the nanosecond excimer laser at high energies invariably had many 
particles on their surfaces that were at least as large as one micrometer across.  These were 
assumed to be droplets produced by ejection of material from the surface during the ablation 
process by the mechanism described in Chapter 3.  Figure 4.4 shows a low magnification 
image of a film produced using the excimer laser operated at 300mJ per pulse. Large 
particles were undesirable because they were potentially detrimental to the wear properties of 
the thin films for two reasons.  First, if a contacting surface were dragged across the film 
during a wear test the particles, being asperities on the film, were likely to be removed, 
causing damage to the film.  This removed material both possibly exposes the underlying 
surface locally, reducing the wear resistant properties of the hard film, and serves as an 
abrasive medium that accelerates the wear process even further.  In order to provide 
significant wear resistance, the film must remain intact and adherent to the substrate.  
Secondly, the large number of particles on the surface of the film increases the surface 
roughness of the film and therefore potentially increases the coefficient of friction between 
the tool and the work piece.     
  
 
Figure 4.4: Thin AlMgB14 film produced with excimer laser at 300mJ per pulse.  Deposition time of 4.5 
hours.  (S042108) 
 
4.3 Elimination of Particles from Films 
As noted in Chapter 3, droplets are produced from the target material because of the 
recoil pressure at the surface of the target material resulting from evaporation of material at 
the surface causing the surface to cool while material further from the surface remains hot.  
This effect results in the bulk of the material expanding while the surface contracts, which 
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can cause some material to be forcibly ejected from the target.  A minimum amount of 
energy is required to overcome the forces holding the material to the bulk and eject material 
as droplets.  Therefore, it was expected that if the energy of each laser pulse were reduced 
below this threshold, droplets would not be produced, resulting in smooth films.  However, 
each laser pulse would still heat the material enough to cause some material to be removed 
and deposited as a thin film on the substrate.   
The effectiveness of reducing laser energy to prevent the formation of droplet-sized 
particles on thin films produced with the excimer laser was investigated by depositing thin 
films at a variety of laser energies.  A series of three films using a composite target produced 
by Ceramatec with a composition of 40%AlMgB14 60%TiB2 by volume were deposited onto 
M2 tool steel substrates using the excimer nanosecond laser and the pulsed laser deposition 
procedure described above.  The energies and deposition times used are summarized in Table 
4.2.  During each deposition a small corner of the substrate was masked from the plume 
using a small piece of steel to create a step in the film between the film surface and the 
underlying substrate.  Using a profilometer, the thickness of each film was measured at this 
step.  The measured thickness of each film is summarized in Table 4.2. It was immediately 
found during these depositions that the rate of material deposition was exceedingly slow at 
low laser energies.  Long deposition times were used because these were necessary to 
produce moderately thick films.     
 
Table 4.2: Summary of deposition conditions for investigation of effect of laser energy on surface 
particles 
Sample ID Laser Energy 
(mJ/pulse) 
Deposition time 
(hr) 
Substrate Thickness (µm) 
S100907 80 9 M2 Steel 0.549-0.267 
S101107 100 9 M2 Steel 0.560-0.454 
S101907 120 9 M2 Steel N/A 
 
Low deposition energies were, however, found to be effective at reducing the number of 
large particles present in the thin films.  Figures 4.5 through 4.7 below show SEM 
micrographs of the surfaces of the films in Table 4.2.  Significantly, the reduction in laser 
energy did decrease the number of droplets on the surface of the film; almost no droplets 
were observed on the film deposited at the lowest energy.  However, Figures 4.5 through 4.7 
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also show that the depositions, despite lasting for twenty hours, were insufficient to obtain 
complete coverage of the substrate by the film.  Rather, several pinholes, in addition to the 
remaining particles on the film surface, were visible in every film.  The film deposited at the 
highest energy had the most complete film coverage, but also had the largest number of 
particles.   
 
Figure 4.5: Sample S100907, 80mJ 
 
 
Figure 4.6: Sample S101107, 100mJ 
 
 
Figure 4.7: Sample S101907, 120mJ 
 
Despite the reduction of particulates on the surface of the targets, the corresponding low 
deposition rates made this solution to the particulates on the surface of the thin films 
unattractive.  Specifically, to produce an approximately 0.5µm-thick film, a 9-hour 
deposition was required, resulting in a slow process and low production rate.  Therefore, the 
possibility of removing the particles from the thin films while continuing to employ high 
laser energies during the deposition was investigated.   
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For comparison, several films were made using a femtosecond Spectra-Physics Solstice 
pulsed laser using the procedure described above.  Initially, the femtosecond laser was set up 
so that the laser was used to ablate a single circular track on the target material as the target 
was rotated in the same way as the nanosecond laser.  For this deposition a single phase 
AlMgB14 target was used, and the deposition was carried out for 25 minutes.   The material 
plume from the target was initially bright, indicating a high rate of material removal.  
However, after about seven minutes of ablation, the material plume had faded to nearly 
nothing, which indicated that the rate of material removal had similarly decreased.   
The resulting film, shown in Figure 4.8 as sample B060908, had only an extremely thin 
coating of the AlMgB14 material.  In order to capitalize on the high rate of material removal 
from a smooth surface, a mirror that could be rotated with a step motor was placed in the 
path of the laser beam to deflect the beam, which was used to scan the laser over the surface 
of the target in a series of concentric circles.  By scanning the laser over the surface, a higher 
and more sustained deposition rate was achieved.  This arrangement is shown in Figure 4.2.  
A second film, deposited by scanning the laser over the surface of the target during the 
deposition process, was found to be much thicker than the previous film as optically 
observed.  Both films are shown in Figure 4.8, and the deposition parameters used are 
summarized in Table 4.3.   
 
 
Figure 4.8: Samples B060908 and B060908-2.  The former sample was deposited without scanning the 
laser beam over the surface of the target while the latter sample was made by scanning the laser over the 
target.  Scanning the beam was found to result in a much thicker film.   
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Table 4.3: Summary of deposition parameters for films made with femtosecond pulsed laser 
Sample ID Deposition 
Time (min) 
Pressure 
(Torr) 
Target 
Material 
Substrate 
Material 
Laser 
Scanned 
B060908 25 7.0x10-7 AlMgB14 Glass No 
B060908 52 <1.0x10-6 AlMgB14 Glass Yes 
 
Scanning electron microscope (SEM) examination of the film deposited using the 
scanned femtosecond pulsed laser revealed that there were no large droplets on the surface of 
the film as observed for films deposited with the nanosecond pulsed laser at high energies as 
shown in Figure 4.4.  Figure 4.9 shows that the surface of the film deposited using the 
femtosecond laser was relatively smooth and without large particles.  Whereas the surface of 
the film made with the nanosecond laser was observed in Figure 4.4 to be littered with 
particles that were six to seven micrometers in diameter, the largest particles produced with 
the femtosecond pulsed laser, as was the case for the film shown in Figure 4.9, were only 
fractions of micrometers across.  This decrease in large particles on the surface of this film 
observed could be credited to the different mechanisms responsible for removal of material 
from the target between the nanosecond and femtosecond ablation regimes.  These 
differences were discussed in detail in Chapter 3.    
 
 
Figure 4.9: Surface of Film deposited with femtosecond laser.  No large particles were visible on the 
surface of the film.  Sample ID: B061208. 
 
However, comparison of films made with the nanosecond laser and the femtosecond laser 
revealed that the films made with the nanosecond laser were actually smooth between the 
large particles while the films made with the femtosecond laser were not.  Figures 4.10 and 
4.11 show micrographs of films deposited with each laser at high magnification.  While the 
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micrograph of the film deposited with the nanosecond pulsed laser was dominated by large 
particles with diameters greater than several micrometers, the film was relatively smooth and 
continuous between these particles.  On the other hand, at high magnification the film made 
with the femtosecond laser was found to be comprised of many particles, each with a 
diameter substantially less than one micrometer.   
 
 
Figure 4.10: Micrograph of Film deposited 
using nanosecond laser.  Region between large 
particles is relatively smooth.  Sample ID: 
S042108 
 
 
Figure 4.11: Micrograph of film deposited using 
femtosecond laser.  The entire surface is 
observed to be composed of many nanoparticles.  
Sample ID: B061208
 
In actual wear tests, large particles such as those present on the surface of the films 
deposited with the nanosecond laser are suspected to substantially degrade the performance 
of the thin films since they could easily detach during the test and potentially remove some 
portion of the film with them.  As described previously, this both removes film from the 
substrate and provides an abrasive material to accelerate wear on both the sample and the 
counter surface during the wear test.  The nanoparticles in the films deposited using the 
femtosecond laser were believed to be much less detrimental to the wear properties of the 
thin films because of their small size.  Unlike large particles that protrude above the film by a 
significant amount and are therefore easily removed by a passing counter surface, 
nanoparticles do not protrude as much.  Because they do not protrude above the film surface 
as much, they are thought to be more difficult to remove from the film and therefore to 
provide better wear properties than films containing large particles.  As a result, films 
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produced with the femtosecond laser were pursued as a better alternative to films produced 
with the nanosecond laser.    
 
4.4 Investigation of Deposition Rate with Femtosecond Pulsed Laser 
Low deposition rates usually characterize film deposition with pulsed laser deposition.  
Excimer lasers have been shown to result in initial film deposition rates around 0.08 – 
0.09nm per pulse, which at ten hertz for the excimer laser described previously relates to 
about 48 nanometers per minute2, 3.  At this rate, a one micrometer thick film would be 
deposited in about twenty-one minutes.  However, this rate has been observed to drop after a 
large amount of material had been removed from the target, settling to a value about 0.02nm 
per pulse2.  At this rate, nearly 80 minutes would be required to produce a one micrometer-
thick film.  This decrease in deposition rate has been linked to surface modification of the 
target by the laser.  Ablation of the target surface by the laser tends to roughen it, reducing 
the deposition rate4.  The average deposition rate that is achieved after long periods of 
ablation of a single target is controlled by the laser fluence and a high laser fluence results in 
higher average deposition rates3, 4.  Unfortunately, as observed previously, high excimer laser 
energy levels also produce films with many droplets on the surface that degrade the wear 
properties of those films.  Deposition rates using femtosecond lasers have been observed to 
be similar to those for high energy excimer lasers5.   
Past studies involving the pulsed laser deposition of AlMgB14 using a KrF excimer laser 
were able to produce films that were about 0.7 micrometers thick in about 30 minutes.  
However, during this deposition process, the energy per pulse was set to between 200 and 
250mJ, which resulted in large particles on the surface of the film6.  Neither the deposition 
rate of AlMgB14 using a femtosecond laser nor the deposition rate using a low energy 
excimer laser has been previously studied.  Therefore, the deposition rate during pulsed laser 
deposition using laser energies known to result in nearly particle-free films with the excimer 
laser were measured and compared to the deposition rate measured for the femtosecond laser 
to determine the necessary lengths of depositions to produce reasonably thick films.   
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4.4.1 Procedure 
The deposition rate with the excimer laser at sufficiently low laser energies to reduce or 
eliminate large particles in the films was investigated by depositing two films onto M2 steel 
inserts.  Part of each of the films was masked using a small piece of metal placed over the 
substrate to create a sharp transition between the coated and uncoated regions of the film.  At 
this transition a step was formed between the two regions of the substrate.  The resulting film 
thickness was determined by using a stylus profilometer to measure the height of this step.  
Each film was deposited for nine hours to ensure a reasonable thickness.  The substrate was 
not heated during these depositions, and the chamber pressure was reduced to about 1.1x10-6 
Torr before each deposition.  Deposition parameters for these two films are summarized in 
Table 4.4.   
 
Table 4.4: Summary of deposition parameters used to investigate the deposition rate of the excimer laser 
Sample ID Energy per 
Pulse (mJ) 
Repetition 
Rate (Hz) 
Deposition  
Time (s) 
S100907 80 10 32,400 
S101107 100 10 32,400 
 
Similarly, the deposition rate using the femtosecond laser was investigated by depositing 
two films onto M2 steel inserts.  Before the depositions the chamber was evacuated to less 
than 1x10-6 Torr, and during the deposition the substrates were not heated.  In order to 
maximize deposition rate, the laser was scanned over the surface of the target during the 
deposition using the procedure described previously.  The deposition parameters for these 
films are shown in Table 4.5.  The thickness of these films was measured with the same 
procedure described above. 
 
Table 4.5: Summary of deposition parameters used to investigate the deposition rate of the femtosecond 
laser 
Sample ID Energy per 
Pulse (mJ) 
Repetition 
Rate (Hz) 
Deposition  
Time (s) 
B062408 2.0 1000 240 
B062408-2 2.0 1000 360 
 
Finally, the deposition rate of the femtosecond laser as a function of time was measured 
by depositing a series of films using the procedure above onto glass slides for times ranging 
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from 15 to 900 seconds.  During the deposition each substrate was heated to a temperature of 
300°C.  Deposition parameters for each film are summarized in Table 4.6.  The thickness of 
these films was measured using the stylus profilometer as described previously.   
 
Table 4.6: Summary of deposition parameters used to investigate effect of deposition time 
Sample ID Deposition Time 
(s) 
Energy per Pulse 
(mJ) 
Repetition Rate 
(Hz) 
Substrate 
B081108 30 2.3 1000 Glass 
B081108-2 60 2.3 1000 Glass 
B081108-3 15 2.3 1000 Glass 
B081208 45 2.3 1000 Glass 
B081208-2 75 2.3 1000 Glass 
B082008 600 2.3 1000 Glass 
B082108 300 2.3 1000 Glass 
B082708 900 2.3 1000 Glass 
 
4.4.2 Results and Discussion 
The measured film thickness for each film produced with either the nanosecond excimer 
laser or the femtosecond laser is shown in Table 4.7.  The average deposition rate was 
calculated for each film by dividing the measured thickness of the film by the total deposition 
time.  These results show that the films deposited with the femtosecond laser were deposited 
much faster than those deposited with the nanosecond laser.   
 
Table 4.7: Summary of film thickness of films produced with nanosecond and femtosecond lasers  
Sample ID Film Thickness 
(µm) 
Deposition Rate 
(µm/min) 
Thickness per 
Pulse (nm) 
S100907 0.549 0.00102 0.00169 
S101107 0.560 0.00104 0.00173 
B062408 0.42-0.46 0.110 0.00183 
B062408-2 0.79-0.83 0.135 0.00225 
 
The observed film thickness showed that the deposition rate using the femtosecond laser 
was about 100 times larger than the deposition rate using the excimer laser.  However, when 
comparing the thickness of film deposited per pulse, both the excimer and femtosecond lasers 
deposited about the same amount of film per pulse.  The observation that the lasers result in 
similar deposition rates when considered on a deposition thickness per pulse indicated that 
the two lasers were about equally effective at depositing the thin film.  Comparing the 
56 
 
average deposition rate of the two films produced with the excimer laser showed agreement 
with the literature in that the film deposited at the higher energy had a slightly higher 
deposition rate.  However, both films had an extremely low deposition rate.  Because the 
femtosecond laser could be operated at a repetition rate that was 100 times higher than the 
excimer laser, it resulted in a deposition rate that was similarly 100 times higher.  Both lasers 
resulted in a substantially reduced film growth per pulse compared to the literature values of 
about 0.08nm per pulse.  However, these films were grown with much smaller energies per 
pulse than the reported films, resulting in the reported films being observed to have a higher 
deposition rate per pulse.   
Studying the deposition rate as a function of time for films produced using the 
femtosecond laser revealed that the deposition rate decreased dramatically from initially high 
rates during the course of the deposition.  Figure 4.12 shows the measured thickness of the 
films described in Table 4.6 while Figure 4.13 shows the calculated average deposition rate.   
 
 
Figure 4.12: Measured film thickness vs. deposition time for films deposited using a pulsed femtosecond 
laser 
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Figure 4.13: Calculated average deposition rate vs. deposition time for films deposited using a pulsed 
femtosecond laser.   
 
Figures 4.12 and 4.13 show the rate of film deposition decreased quickly during the 
initial part of the ablation process, but then decreased much more slowly after about one 
minute of deposition.  This rate appeared to slowly decrease toward zero at a steady rate, 
indicating that at some point the deposition rate may go to zero.  This would lead to a 
maximum thickness of the films produced with the femtosecond laser.  A sharp initial 
decrease in the deposition rate was observed, despite scanning the laser over the target during 
the deposition, which was expected to continually reveal new target surface and maintain a 
high deposition rate.  Most likely, the decrease in deposition rate resulted from surface 
modification of the target material outside of the area directly illuminated by the laser beam.  
Figure 4.14 shows an ablation track from the femtosecond laser on the surface of the target.  
The width of this track was more than 1µm, showing that the surface was modified outside of 
the laser spot.  As a result, each step of the mirror scanning the laser across the surface of the 
target did not place the laser in a completely new track so that only unaffected material was 
ablated.  Rather, each step of the laser beam across the target surface caused only a part of 
the laser beam to fall on a new surface, and so damage accumulated on the target surface, 
resulting in the observed decreased deposition rate.  Initially, changes to the surface were 
rapid, resulting in the quick initial decrease in deposition rate.  However, after a short time, 
the deposition rate became more nearly constant as each step of the laser exposed roughly the 
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same percentage of previously ablated and new surface and the surface modification to the 
area on the target being ablated reached a nearly steady state.   
 
 
Figure 4.14: Wear track from femtosecond laser ablation.  The area speckled in white is the area that has 
been affected by the laser.  Significantly, the width of the track is larger than the laser spot size of 0.5-
1µm. 
 
4.5 Conclusions 
Production of thin films of AlMgB14 using either an excimer laser with a pulse duration 
of 23 nanoseconds or a Ti:sapphire laser with a pulse duration around 100 femtoseconds was 
possible, but produced films with drastically different surface morphologies.  Films produced 
with the nanosecond laser tended to be smooth except for many large particles scattered over 
the films.  These large particles tended to be larger than a couple of micrometers in diameter.  
On the other hand, films produced with the femtosecond laser were free of these large 
particles, but were instead composed completely of many small nanoparticles whose origins 
were discussed in Chapter 3.  No smooth regions existed between these nanoparticles.  
Deposition rates were also found to be different between the two lasers.  While each laser 
was apparently able to deposit the same amount of material per pulse, the femtosecond laser 
was able to operate at a repetition rate one hundred times higher than the nanosecond laser.  
As a result, the overall deposition rate of films produced with the femtosecond laser was 
found to be a corresponding amount faster than the similar films produced with the 
nanosecond laser.  Overall, because of the elimination of large particles obtained with the 
femtosecond laser and the relatively high average deposition rate and corresponding short 
deposition times required to produce moderately thick films, the femtosecond laser was 
determined to be the laser of choice for producing AlMgB14 thin films.   
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Chapter 5: Reduction of Surface Roughness of Films Produced with a 
Femtosecond Laser 
As shown in Figures 4.5 and 4.7 in Chapter 4, films produced using the femtosecond 
laser were comprised of many small particles randomly stacked on the substrate to form the 
films.  While this morphology did not have the large particles on the surface like films made 
with the nanosecond laser, the surface of the film was rough as a result of the randomly 
stacked particles.  Surface roughness can have a detrimental effect on the performance of 
coated parts in service due to the associated potential increase in the coefficient of friction 
between the film and the contacting part.  In general, increased surface roughness results in 
an increased coefficient of friction between the coated and contacting surface1, 2.  Svahn, et al 
showed, using diamond like carbon coatings sliding on tungsten surfaces, that by decreasing 
the surface roughness of thin films the coefficient of friction, as measured by a ball-on-disk 
test, decreased as the surface roughness was decreased from the relatively high value of 
120nm.  However, at a lower surface roughness the coefficient of friction was found to be 
independent of surface roughness1, 3.  By itself, a reduction in the coefficient of friction 
between parts that are meant to slide across each other is important because of the 
corresponding decrease in energy lost to friction as heat.  Reducing the coefficient of friction 
for a given coating can therefore save energy and improve the performance of the part.  
Different factors possibly influencing the surface roughness of AlMgB14 films produced with 
the femtosecond pulsed laser were investigated to minimize the surface roughness of the 
deposited thin films.   
Surface roughness is defined as the amount the topography of the surface deviates from 
the nominal surface4.  The nominal surface is usually taken to be a plane that passes through 
the average height of the coating.  Two definitions are commonly used to quantify the surface 
roughness of an area, both of which define an average deviation from the nominal height.  
Perhaps the most common definition is the root mean square (RMS) roughness, which is 
defined for a set of discreet points as the square root of the sum over the square of the height 
difference between each point and the average height divided by the total area of the region 
of interest.  Mathematically, RMS surface roughness is expressed as4:  
60 
 
2/1
1
21 





= ∑
=
N
i
iq zA
R  
Where z is the height difference between a given point and the average height, A is the area 
of the region of interest, and N is the total number of points measured.  The other method 
commonly used to define the surface roughness is the average surface roughness.  This 
definition is simply the sum of the height difference between each point and the average 
height divided by the area of the region of interest.  Mathematically average surface 
roughness is expressed as4:  
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The advantage of using the RMS roughness rather than the average surface roughness is that 
the RMS surface roughness represents the standard distribution of the of the surface heights 
measured4.   
 
5.1 Reduction of Surface Roughness by Using a Double Pulse 
Surface roughness in films produced using the femtosecond laser was a direct result of 
the deposition of almost exclusively nanoparticles on the substrate to build the film.  
Reducing the size of, or eliminating, these particles were therefore the two possible 
approaches to reduce the surface roughness of the thin films.  Smaller particles were 
expected to leave smaller and shallower depressions between particles because of their 
smaller radius and therefore were desirable for the production of relatively smooth films.  
Larger particles, while packing to the same density5, leave larger spaces between particles 
and therefore are expected to result in increased surface roughness.  In the extreme case, the 
nanoparticles could be eliminated completely, resulting in a film completely composed of 
ionic and atomic species.  Such a situation would result in a nearly smooth film.  As noted in 
Chapter 3, past investigations into the nature of the emission of these particles from the 
surface of the target during femtosecond pulsed laser ablation of materials indicated that 
nanoparticles were formed by condensation of vaporized material before it reached the 
substrate.  Nanosecond pulsed lasers do not produce films with nanoparticles because the 
long duration of the laser pulse (23ns) heats the ejected material while it expands away from 
the target so that it expands into the vacuum before it cools sufficiently to condense into 
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particles.  Femtosecond pulsed lasers, however, do not continue to heat the vaporized 
material while it expands into the vacuum so that the material cools while it is still at high 
densities and condenses into nanoparticles.   
However, as noted previously, the advantage of femtosecond laser pulses was that due to 
the short pulse duration, material was immediately vaporized, leaving no liquid on the target 
so that droplets did not form.  Exploiting this advantage while eliminating particles could 
possibly be obtained by using one femtosecond laser pulse to ablate the target material and 
then using another pulse to increase the temperature of the vaporized material to the point 
where it does not condense before striking the substrate.  Past research with silicon carbide 
thin films has shown that this approach could be used to dramatically decrease surface 
roughness6.  Ristoscu, et al investigated the possibility of using a shaped femtosecond laser 
pulse to accomplish this double pulse effect.  They showed that the appearance of 
nanoparticles on the surface of thin films produced with a nanosecond laser could be virtually 
eliminated by shaping a pulse with a Gaussian intensity distribution to have an intensity 
shoulder at the leading edge that could ablate the target material.  The remaining pulse was 
then used to heat the resulting vapor to prevent the formation of nanoparticles6.  The shape of 
the pulse they used is sown in Figure 5.1.  For the current research, the possibility of 
eliminating the nanoparticles form the thin films using an analogous process employing two 
closely spaced laser pulses was investigated.  These two pulses were intended to first 
vaporize the material with the first pulse and then continue to provide energy with the second 
pulse to eliminate the nanoparticles.  It was hoped that by optimizing the delay time between 
these pulses the nanoparticles could be reduced in size or completely eliminated. 
 
 
Figure 5.1: Pulse shape used to produce nearly nanoparticle free thin films of SiC6. 
62 
 
5.1.1 Procedure 
Two closely spaced laser peaks were produced by splitting the original femtosecond 
pulse into two identical pulses using a Michelson interferometer.  An interferometer was 
necessary because previous work done by others and discussed in Chapter 3 showed that the 
nanoparticles were produced on a picoseconds timescale, a time much shorter than the 
interval between pulses for a laser pulsed at 1000Hz.  Figure 5.2 shows the Michelson 
interferometer used to split the laser beam.  A Michelson interferometer works by first 
splitting the incident laser pulse with 50:50 beam splitter oriented at 45° to the incident laser 
beam.  One half of the laser pulse intensity continues through the beam splitter while the 
other half of the intensity is reflected by the surface.  Mirrors are placed in the path of both 
beams so that each is reflected directly back toward the beam splitter after traveling some 
distance past the beam splitter.  When each pulse is incident again on the partially mirrored 
surface of the splitter, one half of its intensity continues through the splitter while the other 
half of the intensity is reflected at the surface.  The end result is that half of the intensity of 
the original laser pulse is separated into two pulses, each with an intensity equal to one 
quarter of the original pulse intensity, traveling at 90° to the direction of the original laser 
pulse and half of the intensity of the original pulse is reflected back toward to the laser 
source.  The time delay between these laser pulses can be manipulated by changing the 
distance between the beam splitter and the two mirrors; if the distance to one of the mirrors is 
longer, the laser will take longer to reach the mirror and return to the beam splitter, resulting 
in one laser pulse being delayed with respect to the other.  The path difference between the 
two possible routes necessary to produce a given time delay between pulses can be calculated 
from the speed of light:  
tcx ∆=∆  
Where ∆x is the path difference between the two mirrors, ∆t is the desired time delay 
between pulses, and c is the speed of light.  In order to control the time between pulses one 
mirror was placed on a linear translating stage.   
 
63 
 
 
Figure 5.2: Michelson interferometer used to split the laser pulse.  A laser pulse enters from the right side 
of the photo and is split by the beam splitter (red arrow).  One pulse travels toward each mirror (green 
arrows) and is reflected back to the beam splitter.  By moving the mirror on the translatable stage (blue 
arrow) the arrival of one pulse at the beam splitter can be delayed with respect to the other.  The split 
beam continues to the top of the picture. 
 
To investigate the effects of using a delayed pulse to reduce the surface roughness, 
several films were deposited with varying time delays between pulses.  For each deposition, 
the laser pulse was split using the Michelson interferometer.  Before each deposition the two 
laser pulses were aligned to ensure that they would strike the same spot on the target.  This 
was accomplished by moving the mirrors so that they were the same distance from the beam 
splitter and then adjusting the angle of one mirror so that the circular interference fringes 
produced by the overlap of the laser pulses were centered in the beam spot.  Further, these 
interference fringes were used to determine the distance at which both mirrors were the same 
distance from the beam splitter.  Since interference fringes only occurred when at least part 
of each pulse arrived at a location at the same instant in time, if the intensity peaks of the 
laser pulses were separated by more than 100fs the laser pulses would never arrive at the 
same place at the same time and so could not interfere with each other so that no intensity 
peaks would be produced.  For this experiment the zero pulse separation was defined when 
the tails of each of the peaks barely overlapped, producing faint interference fringes.  Pulse 
separation times were based on this point.  The pulse separation time is defined graphically in 
Figure 5.3.   
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Figure 5.3: The time delay between pulses was considered to be the time between the tails of the two 
pulses. 
 
Each deposition was carried out according to the procedure outlined in Section 4.1 using 
the femtosecond pulsed laser.  One inch square glass slides were used as substrates, which 
were maintained at 300°C during the deposition and the laser parameters used for these 
depositions are summarized in Table 5.1.  For each deposition, the time delay between the 
separated pulses was varied by changing the position of the mirror on the translatable stage 
with respect to the other mirror.  This stage allowed the position of one mirror to be moved to 
a position within ±1µm, which amounted to an uncertainty of the time between laser pulses 
of ±6.67fs.  Separation between laser pulses was varied between 0ps to 1ns to observe the 
change in surface roughness over this range. Table 5.2 summarizes the deposition parameters 
used for each sample.   
 
Table 5.1: Settings on Solstice laser during depositions 
Wavelength 790nm 
Output Power 2.4W 
Pulse Duration 100fs 
Repetition Rate 1000Hz 
 
 
 
 
∆t 
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Table 5.2: Summary of deposition parameters used to investigate effect of pulse delay 
Sample ID Pulse 
Delay (ps) 
Deposition 
Time (min) 
Pressure 
(Torr) 
Substrate Substrate 
Temperature (°C) 
B072808 100 5.00 2.7x10-6 Glass 300° 
B073108 1000 8.00 7.3x10-7 Glass 300° 
B080108 50 8.00 7.1x10-7 Glass 300° 
B080408 200 8.00 5.4x10-7 Glass 300° 
B080508 0 8.00 5.9x10-7 Glass 300° 
B080508-2 75 8.00 8.8x10-7 Glass 300° 
B080608 125 8.00 4.0x10-7 Glass 300° 
 
The topography and surface roughness of each sample were characterized using an 
atomic force microscope operated in tapping mode.  A Digital Instruments Dimensions 3100 
atomic force microscope, shown in Figure 5.4, was used to measure the surface topography 
of each sample.  This microscope used a silicon cantilever 160µm long with a sharp tip on 
the end to measure the height of each point on the sample surface.  The end of such a 
cantilever is shown in Figure 5.5.  In operation, this tip was vibrated at near its resonance 
frequency to produce the maximum possible amplitude vibrations of the tip.  These 
vibrations were measured by a laser reflected off of the back of the silicon cantilever just 
above the probe tip7.  When the surface was approached by the tip, both attractive and 
repulsive interactions between the tip and the surface cause the amplitude of vibration of the 
cantilever to be continually reduced.  While the vibration amplitude of the tip was not related 
to the surface-tip separation distance by a simple function, any separation resulted in a 
unique vibration frequency and therefore, the distance between the surface of the sample and 
the tip could be determined by measuring the vibration amplitude of the silicon cantilever7.  
Piezoelectric materials were used to scan the cantilever back and forth over the region of 
interest on the surface while the tip was steadily moved along the other horizontal axis to 
map out the square region of interest.  In this way the height of every point on the sample 
surface in the region of interest was measured and the surface topography mapped.  For each 
sample a 10µm x 10µm region of interest was scanned with 512 data points taken along each 
axis for a total of 262,144 of pixels per image.  Nanospec III software included with the 
instrument was used to calculate both the RMS and average surface roughness of the surfaces 
from these data.   
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Figure 5.4: Digital Instruments Dimensions 
3100 scanning force microscope. 
 
Figure 5.5: SEM image of a cantilever tip used 
for atomic force microscopy measurements8.
 
5.1.2 Results  
Images of the surface topography as measured using the atomic force microscope are 
shown in Figures 5.6 through 5.9.   These figures represent samples deposited with zero pulse 
delay time between subsequent laser pulses, 75ps between subsequent laser pulses, 125ps 
between subsequent laser pulses, and 1000ps between subsequent laser pulses, respectively.  
Discontinuities in the images of Figures 5.6 and 5.8 were caused by the stylus point of the 
microscope being deflected by striking a high asperity on the film surface.  After the 
deflection, the probe continued to scan the sample along a slightly different line than 
originally, causing the discontinuity.  These small line defects in the images did not 
significantly affect the calculated surface roughness of the images because they occupied 
only a small portion of the image area.   
Inspection of the film topography images in Figures 5.6 through 5.9 qualitatively 
revealed that the films that were deposited using a delay between laser pulses of either 75 or 
125ps produced the films with smaller particles and therefore lower surface roughness 
compared to the films produced using either no delay between pulses or very long delays 
between pulses.  
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Figure 5.6: Sample B080508.  The delay between 
successive laser pulses was 0ps.  Side of image is 
10um. 
 
 
 
Figure 5.7: Sample B080508-2.  The delay 
between successive laser pulses was 75ps.  Side 
of image is 10um. 
 
 
Figure 5.8: Sample B080608.  The delay between 
successive laser pulses was 125ps.  Side of image 
is 10um. 
 
 
 
Figure 5.9: Sample B073108.  The delay between 
successive laser pulses was 1000ps.  Side of 
image is 10um. 
 
Surface roughness was determined using the atomic force microscopy results.  The 
results are plotted in Figure 5.10 and showed that as the pulse time delay between pulses was 
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increased past 0ps the RMS surface roughness of the films decreased.  A minimum in surface 
roughness was reached at a pulse delay time of about 75ps.  Further increases in the time 
delay between pulses resulted in an increase in surface roughness corresponding to the 
increase in particles size.  At a long time delay between pulses the surface roughness of the 
thin films was found to be nearly equal to the roughness of the films produced with no time 
delay between pulses, indicating the two laser pulses were no longer substantially interacting.   
 
 
Figure 5.10: Relationship between delay time between femtosecond laser pulses and measured RMS 
surface roughness. 
 
In addition to the changes in the surface roughness of the films produced, the delay 
between femtosecond laser pulses was also observed to have an effect on the character of the 
material plume ejected from the target surface.  At zero pulse delay the plume appeared to be 
a bright, white jet of material with a slight green coloring toward the center of the plume 
leaving the target headed for the substrate.  The plasma plume produced by a zero second 
delay time is shown in Figure 5.11.  As the time delay between successive laser pulses 
increased initially, the character of the material plume changed, becoming both less bright 
and changing colors.  At pulse delay times corresponding to those that produced the 
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minimum surface roughness, the material plume briefly appeared green in color with small 
amounts of white around the edges of the plume when the deposition was started, but 
eventually this green color was lost at long deposition times.  As the time delay between 
pulses increased past 100ps, the pulses interacted less and the plume resembled the plume 
produced by a zero time delay between pulses.  This change in the color of the material 
plume was most likely the result of a change in the character of the atomic species found in 
the material plume.  Possibly, the change in the color indicated that more atomic species that 
did not condense into nanoparticles were generated.  Nanoparticles might be expected to 
behave like condensed bodies and emit light like a black body.  Atomic species, however, 
would be expected to undergo electron transitions between well defined energies and 
therefore emit light of specific wavelengths, allowing the material plume to appear green.  
Unfortunately, the equipment necessary to analyze the species in the material plume was 
unavailable.   
 
 
Figure 5.11: Material plume produced with no delay between pulses.  The AlMgB14 target is on the right 
side of the image while the lowered shutter is on the left.  The substrate was behind the shutter and off 
the left side of the picture. 
 
5.1.3 Discussion 
By using a double laser pulse rather than a single laser pulse, the RMS surface roughness 
was reduced from a maximum roughness of 51.0nm at no pulse delay to a minimum of 
31.8nm at a pulse delay of 75ps, or 37.6%.  This decrease in surface roughness was 
accompanied by a similar decrease in average particle size as observed qualitatively in 
Figures 5.6 through 5.9.  Decreases in both surface roughness and average particle size 
indicated that the double pulse approach was successful at reheating the vapor ejected from 
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the target by the initial femtosecond laser pulse.  The energy added by the second laser pulse 
to the vapor material before it had time to expand away from the target increased the initial 
temperature of the vapor, delaying the onset of nanoparticle nucleation and resulting in 
smaller particles.  Because of the time delay, most of the second pulse was likely absorbed by 
the vapor and so removed little additional material from the target.  This result is supported 
by the observation that the brightness of the material plume decreased noticeably at specific 
time delays.  As a result, the final nanoparticles were smaller and more of the material was 
transferred to the vapor phase.  However, the energy added by the second pulse was 
insufficient to heat the material above the critical temperature and completely avoid 
nanoparticle formation.  Therefore, the average particle size was reduced, but particles were 
still observed.  Most likely, a longer second pulse would be required to sufficiently heat the 
material to prevent the formation of nanoparticles since a long pulse may be able prevent the 
vapor from cooling and condensing.   
 
5.2 Influence of Substrate Temperature on Surface Roughness 
Substrate temperature during the deposition has been shown in the literature to influence 
the surface roughness of films deposited by pulsed laser deposition9-11.  However, surface 
roughness has been observed in various studies to either increase or decrease as substrate 
temperature was increased, depending on the material investigated.  Past work has shown 
that the surface roughness of films of SnO2 or CeO2 deposited by pulsed laser deposition 
decreased as the substrate temperature increased9, 10.  Surface roughness of SnO2 films, for 
example, was found to drop dramatically when the substrate was heated above 100°C to an 
average surface roughness of less than five nanometers.  These films were composed of 
many nanoparticles, but they were small and flat, resulting in a low surface roughness.  The 
authors attributed this reduction in surface roughness of the films to an increase in surface 
mobility of the atomic species in the film.  X-ray diffraction results showing the films 
became more crystalline at higher deposition temperatures supported this claim9.  Similarly, 
the surface roughness of CeO2 films was found to decrease with increasing substrate 
temperature10.  However, the surface roughness of films of ZnO grown with pulsed laser 
deposition was found to increase with increasing substrate temperature.  For these ZnO films, 
surface roughness was found to remain constant at lower temperature up to about 400°C, but 
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above this temperature the surface roughness increased dramatically from about five 
nanometers to about thirty nanometers from 400°C to 700°C11.  This observation was 
attributed to the ease of defect formation, especially zinc interstitials, in the films at elevated 
temperatures11.  These conflicting reports on the effect of substrate temperature on surface 
roughness indicated that no clear relationship had been established between surface 
roughness and deposition temperature and that each composition should be investigated on a 
case by case basis.  In order to determine the conditions leading to the minimum surface 
roughness for the AlMgB14 thin films the effects of substrate temperature during deposition 
on the surface roughness was investigated.   
 
5.2.1 Procedure 
The effect of substrate temperature on surface roughness was investigated by depositing 
several films using the general procedure outline in Section 4.1 using the femtosecond laser.   
Table 5.1 summarizes the laser parameters used during these depositions.  During deposition, 
M2 tool steel substrates were held at temperatures ranging from 100°C to 600°C and the 
films were each deposited for six minutes so that each film would be roughly the same 
thickness.  The vacuum chamber pressure was maintained at less than 1x10-6
 
Torr during 
each deposition and the substrate was held at 7 cm from the target material.  After deposition, 
the surface roughness of each film was measured using an atomic force microscope operated 
in tapping mode.  The adhesion of these films was then characterized to determine the 
influence of substrate temperature on adhesion as described in greater detail in Chapter 6.  
Table 5.3 summarizes the deposition parameters for each film.   
 
Table 5.3: Summary of substrate temperature during each deposition  
Sample ID Temperature (°C) 
B080708 400 
B080708-2 500 
B080808 450 
B080808-2 350 
B082808 300 
B082808-2 200 
B082908 100 
B083008 250 
B090208 600 
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5.2.2 Results and Discussion 
The measured RMS surface roughness for each film is plotted in Figure 5.12.   
 
Figure 5.12: RMS surface roughness as a function of substrate temperature during deposition 
 
Figure 5.12 shows little or no trend between surface roughness and substrate temperature 
during deposition for substrate temperatures between 100°C and 600°C.  Over this range, the 
average RMS roughness was found to be 57.7nm.  The consistency of the surface roughness 
with deposition temperature indicated that no mechanism existed over that temperature range 
to cause the surface roughness to substantially decrease.  Unlike the SnO2 films discussed 
previously, no increase in surface mobility of the species comprising the films, resulting in a 
decrease in surface roughness with increased temperature, was observed.  Mostly likely, this 
observation could be attributed to the formation of nanoparticles in flight between the target 
and the substrate.  Because of the rapid cooling of the material after the end of the initial 
laser pulse, the ejected material condensed into small particles that were nearly solid before 
striking the substrate surface.  At temperatures well below the melting temperature of 
AlMgB14, these particles became immobilized on the substrate because insufficient thermal 
energy was available to cause rapid migration of atoms on the film.  As a result, the surface 
roughness was not observed to decrease as the substrate temperature was increased.  
However, the surface roughness was also not observed to increase as the substrate 
temperature was increased unlike the ZnO films described previously.  The consistency of 
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the surface roughness with substrate temperature indicated that the substrate temperature 
could be changed as needed to control other film parameters, such as adhesion of the thin 
films discussed in Chapter 6, without also changing the surface roughness as was the case for 
the SnO2, CeO2, and ZnO films.   
 
5.3 Influence of Film Deposition Time and Beam Power on Film Surface Roughness 
As described in Chapter 3, the energy per pulse in the incident beam was expected to 
have a significant influence on the formation of nanoparticles during the femtosecond laser 
pulse, since this energy determined the initial temperature of the ejected material.  At 
sufficiently large laser energies, the ejected material is heated to a high enough initial 
temperature by the laser pulse that it is able to expand into the vacuum without condensing 
into nanoparticles.  This allows the ejected atomic species to build up the film, resulting in 
more even and uniform film coverage and a smoother film.  Therefore, the surface roughness 
of the thin films was expected to decrease as the beam energy was increased and more of the 
material was deposited as atomic species rather than as nanoparticles.   
Effects of deposition time on the final surface roughness of the thin film were less well 
described by the theoretical considerations in Chapter 3.  Past experimental work, however, 
has shown that surface roughness increases with increasing deposition time or film thickness.  
Desfeux et al showed that for La0.7Sr0.3MnO3 thin films produced using a PLD technique and 
an excimer laser the surface roughness increased as the film thickness increased12.  This 
observation was attributed to inhomogeneities, present in the film during the initial moments 
of the deposition process, propagating as the film grew, resulting in increasingly large 
inhomogeneities and therefore a larger surface roughness.  However, in their work an 
excimer laser was used to deposit the film.  As a result, it was unclear whether a similar 
increase in surface roughness with deposition time would be observed for thin films grown 
by the deposition of nanoparticles.  In order to characterize the parameters that could be used 
to influence the surface roughness of the thin films, the influence of both the energy per pulse 
of the incident laser beam and the deposition time on surface roughness were investigated. 
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5.3.1 Procedure 
Two series of films were produced to study the effects of deposition time and beam 
power on surface roughness according to the procedure for pulsed laser deposition using a 
femtosecond laser described in Section 4.1.  For each of the films the laser beam was scanned 
across the surface of the target during the deposition using a mirror on a rotating step motor 
in the optical path of the beam.  The effect of deposition time was studied by depositing films 
for times varying between 15 and 900 seconds on glass slides.  During the depositions the 
substrates were heated to 300°C.  The conditions during the depositions are summarized in 
Table 5.4.  After each deposition film thickness was measured using a stylus profilometer. 
 
Table 5.4: Summary of deposition parameters used to investigate effect of deposition time 
Sample ID Deposition Time (s) Substrate Temperature (°C) Substrate 
B081108 30 300° Glass 
B081108-2 60 300° Glass 
B081108-3 15 300° Glass 
B081208 45 300° Glass 
B081208-2 75 300° Glass 
B082008 600 300° Glass 
B082108 300 300° Glass 
B082708 900 300° Glass 
 
Similarly, the effects of beam energy on surface roughness were studied by depositing a 
series of three films onto polished M2 tool steel substrates.  Each film was either deposited at 
full, half, or one quarter beam energy by using the 50:50 beam splitter described earlier to 
reduce the beam energy.  This beam splitter was partially mirrored on one face to reflect half 
of the beam while allowing the other half to pass unaffected.  The beam power was reduced 
in half by simply placing this beam splitter in the path of the beam.  A pulse with one quarter 
of the original energy per pulse was obtained by using the Michelson interferometer 
previously described and blocking the pulse along one arm of the interferometer.  This 
resulted in a single pulse with one quarter of the original beam energy striking the target.  For 
consistency, each deposition was conducted for six minutes with the substrate heated to 
300°C.  Table 5.5 summarizes the deposition conditions for the films.  The surface roughness 
of each film was characterized with the atomic force microscope described previously. 
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Table 5.5: Summary of deposition parameters used to investigate effect beam power 
Sample ID Energy per 
Pulse (mJ) 
B091408 2.6 
B091408-2 1.195 
B091508 0.517 
   
5.3.2 Results and Discussion 
Measured RMS surface roughness as a function of deposition time and film thickness is 
plotted in Figures 5.13 and 5.14, respectively. 
 
 
Figure 5.13: RMS surface roughness as a function of deposition time 
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Figure 5.14: RMS surface roughness as a function of film thickness 
 
Figure 5.13 showed that the measured RMS surface roughness of the thin films increased 
monotonically with deposition time.  The surface roughness of a thin film increased rapidly 
during low deposition times that correspond to low film thicknesses.  However, at longer 
deposition times, corresponding to thicker films, the RMS surface roughness was observed to 
increase more slowly beyond 55nm, which reflected the development of a nearly steady-state 
surface roughness as a result of a random deposition of nanoparticles on the surface of the 
initially smooth substrate.  Figure 5.14 shows a similar result; surface roughness was 
observed to initially increase rapidly with film thickness.  However, the surface roughness 
increased much more slowly for thicker films, again possibly indicating a nearly steady state 
surface roughness.     
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Figure 5.15: RMS Surface roughness as a function of beam energy 
 
Figure 5.15 shows the effect of beam energy on surface roughness.  This figure shows 
that the surface roughness increased at high laser pulse energies.  However, the correlation 
between beam energy and surface roughness was not conclusive because of the small number 
of data points that could be collected using the energy reduction techniques available.  Any 
one of these points may be an outlier and distort the pattern. In order to establish a clear 
relationship between average beam energy and surface roughness some technique would be 
needed to reduce the beam energy to several different energy values.   
 
5.4 Conclusions 
Studies on the deposition of thin AlMgB14 films with either the nanosecond or 
femtosecond pulsed laser revealed that a femtosecond pulsed laser would be more useful for 
making thin films quickly and relatively smoothly.  While films of up to about one 
micrometer thick could be produced using the nanosecond laser at high beam energies of 
over 200mJ in a moderate amount of time, these films were found to be covered in many 
relatively large particles that were more than several micrometers in diameter.  These 
particles could be eliminated by employing low laser energy, but that resulted in a 
corresponding low deposition rate.  A film that was one micrometer thick, the thickness 
required to impart significant wear protection to a substrate, required about eighteen hours to 
produce at these laser energies.  Such a low production rate is unacceptable.   
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The femtosecond laser, on the other hand, produced films without large droplets while 
still resulting in a high deposition rate.  Films produced with the femtosecond laser did 
contain particles, but these particles were only a few tenths of micrometers across at the 
largest.  The elimination of large particles from the films and the high deposition rate 
obtainable using the femtosecond laser indicated that it was the better laser to use to produce 
wear resistant films.     
Reduction of surface roughness of the films produced with the femtosecond laser was 
modest, with the double pulse method being most effective at reducing the surface roughness 
of the thin films.  However, this method was only able to reduce the surface roughness by 
about 38%, which may not have a significant effect on the properties of the thin film.  On the 
other hand, it was observed that the surface roughness reached increased only slowly at long 
deposition times.  This suggests that relatively smooth films could be deposited with the 
femtosecond laser and that the surface roughness did not increase unreasonably for films 
thicker than 1µm as film thickness increased. 
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Chapter 6: Adhesion of Thin Films 
6.1 Introduction to Adhesion 
As shown by their many potential uses as wear-resistant, hard coatings for various 
applications, thin ceramic films have a large role to play in future industrial technology.  
However, these films must adhere strongly to their substrates to be useful.  A film with low 
adhesion strength provides little or no wear protection since an applied load could easily 
remove the coating.  Bonding between films and substrates occurs by three separate 
mechanisms, and a single mechanism usually dominates the adhesion properties of the thin 
film.  These mechanisms are mechanical interlocking, physical bonding, and chemical 
bonding1.  Mechanical interlocking, the simplest adhesion mechanism, holds the film to the 
substrate by a large contact surface area and mechanical joints between the film and the 
substrate.  Such joints are usually undercuts on the surface of the substrate, such as pores, 
that can be filled by the material.  In order for the film to fill these tight spaces, it must be 
deposited in either a vapor phase such as in a chemical vapor deposition (CVD) process, or 
as a low viscosity liquid that can flow into the small spaces1.  Pulsed laser deposition does 
not lend itself to improving the adhesion of films using interlocking pores because the 
material is deposited in a line-of-sight process, and consequently the film would not fill the 
pores and create the undercuts necessary to make mechanical interlocking the primary 
adhesion force between the film and substrate.  For PLD films, physical and chemical 
bonding are the major bond types. 
Physical bonding is the major adhesion mechanism between substances that do not 
chemically interact readily.  These bonds are almost exclusively dispersion bonds and as a 
result are exceptionally weak.  Polymer films on metal substrates are the most common type 
of thin film with an adhesion strength based on physical bonds1.  Generally, metals and 
polymers do not chemically interact, so chemical bonds do not overwhelm dispersion forces 
as they would in systems where the film and substrate chemically interact1.  Because physical 
bonds are weak, they generally cannot hold the film on the substrate by themselves.  Rather, 
mechanical interlocking must account for some of the bonding, which requires that the 
substrate surface be roughened to a small extent to increase its surface area before the film is 
deposited1.   
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Physical bonds are not strong enough to ensure adhesion of a wear-resistant film during 
service; high shear stresses are generated in such applications, and therefore chemical 
bonding must be employed to ensure sufficient adhesion between the film and substrate.  
Chemical bonds can form either by interdiffusion of the film and substrate, which results in 
very close contact and many chemical bonds, or by a chemical reaction between the film and 
the substrate to form strong bonds in that manner.  Chemical bonds are 2 to 20 times stronger 
than physical bonds, but act over a much shorter distance (only an atom diameter or so), 
which requires that the film and substrate approach very closely1.  Bonding can be hindered 
by contaminated substrate surfaces or by undesirable reactions at the interface leading to 
brittle phases that actually decrease adhesion strength by easily failing under stress1, 2.  As a 
result, many wear protective films studied elsewhere, such as diamond-like-carbon, TiC, and 
TiAlN, have required at least one extra processing step to ensure good bonding between the 
film and substrate3-5.  In this chapter, methods for improving the adhesion strength of 
AlMgB14 thin film on M2 tool steel substrates were investigated.   
 
6.2 DIN Rockwell Indent Qualitative Adhesion Test 
More than 200 methods have been developed in order to test adhesion of thin films to 
substrates6.  Many of these test methods are widely available, such as the scratch test, 
Rockwell indentation test, and Scotch tape pull off test, and qualitatively measure the 
adhesion strength of the thin films6, 7.   All of these tests measure adhesion by introducing 
some amount of external stress to the film to cause cracking and delamination of the film and 
then rank the damage done to the film on a predetermined scale to indicate the quality of the 
adhesion between the film and the substrate.  Procedures for these thin film adhesion tests are 
described in various locations8-10.  Unfortunately, none of these tests offers a consistent and 
repeatable way to quantify the adhesion strength of the film to the substrate.  Rather, these 
tests are meant to be quick methods for generally gauging the adhesion strength of a film.   
The Rockwell C indentation method for assessing adhesion strength is one particularly 
useful method for quickly screening adhesion strength and is described in a standard from the 
German Institute for Standardization (DIN)8.  In this test stress is applied by pressing a 
Rockwell C brale conical diamond tip into the coated material.  Typically, the tip is set into 
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the material using a 10kg·f minor load and then driven into the substrate using a 150kg·f 
major load11.  Large amounts of plastic deformation and flow occur in the area directly 
around the indent as a result of the high strains introduced by the indenter tip.  In general, this 
can cause the material to pile up around the indenter, giving the surface something other than 
a flat topography12, 13.  Strongly adherent films remain bonded to the substrate surfaces 
despite the large stresses introduced by this deformation and develop a few circumferential 
cracks.  These films also may develop some radial cracks, but the appearance of these cracks 
indicates that the film is brittle rather than poor adherence of the film to the substrate14.  
Strong interfaces between the films and substrates prevent the propagation of cracks in a 
direction parallel to the interface, causing the film to remain attached to the substrate12.  
Poorly adhering films, on the other hand, delaminate from the substrate heavily around the 
indent rather than deform with it12, 14, 15.    
According to the DIN standard, damage to the films as a result of the Rockwell C indents 
is assessed by examining the indents under a microscope with a 100:1 magnification and 
comparing the image to a series of six standard images showing progressively more damage. 
The film is scored according to one of these six images and assigned a rating of HF1-HF6.  
Negligible to moderate amounts of delamination and cracking of the film around the indent, 
as shown as HF1-HF4 on the left side of Figure 6.1 below, are considered acceptable 
amounts of adhesion whereas the large amounts of delamination shown as HF5 and HF6 in 
Figure 6.1 are considered unacceptably low adhesion12, 14, 15. 
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Figure 6.1: Standard images used to assess film adhesion with the DIN Rockwell C indentation method14 
 
Even though the Rockwell C indentation test was originally developed to test the 
hardness of bulk materials, this test does not measure the hardness of the thin film material 
because the depth of the indents (several hundred microns) ensures that the measured 
hardness is almost entirely the result of the substrate properties.  In order for mechanical 
properties of the thin film to be reliably measured, the depth of the indents must not exceed 
1/10th of the total thickness of the films14.  However, as seen in Chapter 4, thin AlMgB14 
films deposited using PLD have been routinely found to be on the order of 1µm thick and so 
to reliably measure the hardness of these films, the indenter must penetrate no more than 
100nm into the films.  As a result, the Rockwell C indentation test is not useful for 
determining the hardness of thin films.  Further, the Rockwell C indentation adhesion test is 
not a particularly sensitive evaluation technique and often cannot distinguish between films 
with similar adhesion strength.  This is especially true if the films under consideration all 
have good adhesion and therefore obtain a rating of HF17.  In that case, a more aggressive 
evaluation test would be needed to discriminate between films.   
 
 
HF1 
HF2 
HF3 
HF4 
HF5 
HF6 
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6.3 Effects of Substrate Temperature during Deposition on Film Adhesion 
Deposition of thin films generally results in large compressive stresses developing in the 
film and tensile stresses developing in the substrate16, 17.  These stresses develop as the film is 
grown on the substrate as a result of the island growth mechanism that dominates the growth 
of many thin films.  Several studies on compressive stress development in thin films have 
found that as a thin film grows, the residual stresses in the film increase monotonically, 
eventually resulting in film delamination16.  Stresses, whether compressive or tensile, on the 
film are transmitted to the underlying substrate through shear stress on the interface.  If this 
shear stress exceeds the adhesion strength of the film (the strength of the interface), the film 
delaminates from the substrate16.  Delamination of thin films during deposition, presumably 
from residual compressive stress, has been shown repeatedly in thin films of AlMgB14.  
Films deposited using the general procedure for depositing thin films described in Section 4.1 
for long periods of time at low substrate temperature using the femtosecond laser have been 
found to readily delaminate from underlying tool steel substrates as shown in Figure 6.2.  
Figure 6.2 shows a film deposited onto M2 tool steel at a substrate temperature of 100°C in 
which a small region of delamination developed.  Profilometry measurements of the steps 
made between masked and unmasked regions on the substrate revealed that the thickness of 
the film near the delaminated region was about 1.22µm.  Pulsed laser deposition, however, 
results in a non-uniform film thickness across the sample and regions further away from the 
delaminated region were measured to be thinner than the delaminated region; profilometry 
measurements of the step away from the delaminated region showed that the film in this area 
was about 1.13µm.  That thicker sections of film delaminated before thinner sections was 
consistent with the observations made by other authors that compressive stresses develop in 
thin films during growth and can cause delamination. 
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Figure 6.2: Thin AlMgB14 films were observed to delaminate from the substrate at low deposition 
temperatures, but not at higher deposition temperatures.   The sample on the left (ID: B082908) was 
deposited at 100°C and shows some delaminating of the film in the upper right corner of the film.  The 
sample on the right (ID: B082808) was deposited at 300°C and shows no delaminating of the film.  
 
In less severe cases in which the residual compressive stress in the thin film does not 
result in direct delamination of the thin film from the substrate, the shear stress it introduces 
reduces the practical adhesion strength of the thin films, the amount of applied stress required 
to cause the film to delaminate or fail7.   This is the important value for thin film adhesion 
since it indicates how well the film will perform in service and how much load must be 
applied during operation to remove the film.  While it does not indicate the actual strength of 
the bond between the film and substrate, the practical adhesion strength is of interest because 
it indicates how much the film will be damaged by an applied load.  Residual stresses present 
in the film will reduce the practical adhesion of the thin films because the effects of the 
residual and applied shear stresses at the film – substrate interface are additive and will cause 
the film to delaminate at a lower applied stress, reducing its effectiveness as a wear coating.  
Thin films having larger residual stresses will appear to have lower adhesion strengths as 
measured by the Rockwell indentation test, which measures practical adhesion strength. 
Several methods have been proposed for improving the adhesion strength between thin 
films and substrates16, 17.  In order for a film to withstand a larger applied load without 
delaminating from the substrate either the basic adhesive strength, the strength of the 
interfacial bonding between the film and substrate disregarding the residual stresses7, of the 
film must be improved or the residual stresses at the interface must be reduced16.  Improving 
the basic adhesion strength between the film and the substrate is usually accomplished by 
changing the chemistry at the interface by a variety of mechanisms that will be discussed 
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later16, 7.   Reducing the residual stresses in the film has been accomplished in other studies 
relatively simply, however, by annealing the film after deposition or depositing the film at 
elevated temperatures16, 17.  High temperature annealing provides excess energy to the atoms 
in the thin films and allows them to relax high energy bonds, resulting in lower residual 
stresses17, 18.  Deposition at elevated temperatures similarly allows the atoms to rearrange on 
the substrate surface and reach a lower stress condition during deposition.  As shown in 
Figure 6.2, depositing films at elevated temperatures led to an improvement in thin film 
adhesion with the AlMgB14 material as evidenced by the lack of any delaminated region of 
the film deposited at a higher temperature.  Based on this analysis by other authors, it was 
expected that increasing the substrate temperature during the deposition process would 
improve adhesion of the thin AlMgB14 films.   
 
6.3.1 Procedure 
Improving thin film adhesion by depositing films at elevated temperatures was 
investigated by preparing several films using the standard procedure described in Section 4.1 
with a femtosecond pulsed laser.  The laser parameters used during the deposition are 
summarized in Table 6.1.  To ensure similarity in film thickness between samples, each film 
was deposited for six minutes.  During the deposition the chamber was evacuated to a 
pressure of less than 1x10-6 Torr and each substrate was held at a distance of 7cm from the 
target.  Since pulsed laser deposition is a line of sight process, part of each substrate was 
shaded from the line of sight to the target material to produce a region on the substrate that 
was free of film coverage.  Both films in Figure 6.2 show a deposited film with the two 
shaded regions at opposite sides of the sample.  After deposition the thickness of each film 
was determined using a stylus profilometer by measuring the step height in both of these 
shaded regions to give a thickness of the film at both ends of the sample.  Table 6.2 
summarizes the sample’s IDs and deposition temperatures for the films produced in this 
study.   
Table 6.1: Settings on Solstice laser during depositions 
Wavelength 790nm 
Output Power 2.4W 
Pulse Duration 100fs 
Repetition Rate 1000Hz 
86 
 
 
Table 6.2: Summary of substrate temperature during each deposition and measured film thickness 
Sample ID Temperature (°C) Approx. Thickness (µm) 
B080708 400 0.90 
B080708-2 500 0.95 
B080808 450 0.95 
B080808-2 350 0.65 
B082808 300 0.93 
B082808-2 200 1.13 
B082908 100 1.22 
B083008 250 0.92 
B090208 600 1.05 
 
After deposition the adhesion strength of each film was tested using the Rockwell C 
indentation test method.  Each film was indented using a conical diamond indenter as used 
for the Rockwell C indentation test by setting the tip in the material with a minor load of 
10kg·f and making the indent using a major load of 150kg·f.  Indents were made near the 
shadowed steps on the films so that the thickness of the film in the area of the indent could be 
well characterized.  However, indents were placed at least two indent diameters away from a 
film edge to prevent edge effects of the film influencing its adhesion behavior.  Each indent 
was subsequently examined using an optical microscope and ranked on the HF scale 
described above.  Finally, the films were ranked against each other to establish the most and 
least adherent films.   
 
6.3.2 Results and Discussion 
Optical micrographs of the indents made on the films are shown in Figures 6.3 though 
6.11.  
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Figure 6.3: Sample B080708. Substrate 
temperature during deposition was 400°C and 
the film was measured to be 0.90µm thick. Scale 
bar is 200µm 
 
 
Figure 6.4: Sample B080708-2.  Substrate 
temperature during deposition was 500°C and 
the film was measured to be 0.95µm thick. Scale 
bar is 200µm 
 
 
Figure 6.5: Sample B080808.  Substrate 
temperature during deposition was 450°C and 
the film was measured to be 0.95µm thick. Scale 
bar is 200µm 
 
 
Figure 6.6: Sample B080808-2.  Substrate 
temperature during deposition was 350°C and 
the film was measured to be 0.65µm thick.  
Scale bar is 200µm 
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Figure 6.7: Sample B082808.  Substrate 
temperature during deposition was 300°C and 
the film was measured to be 0.93µm thick. Scale 
bar is 200µm 
 
 
Figure 6.8: Sample B082808-2.  Substrate 
temperature during deposition was 200°C and 
the film was measured to be 1.13µm thick. Scale 
bar is 200µm 
 
Figure 6.9: Sample B082908.  Substrate 
temperature during deposition was 100°C and 
the film was measured to be 1.22µm thick. Scale 
bar is 200µm. 
 
 
Figure 6.10: Sample B083008.  Substrate 
temperature during deposition was 250°C and 
the film was measured to be 0.92µm thick. Scale 
bar is 200µm. 
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Figure 6.11: Sample B090208.  Substrate 
temperature during deposition was 600°C and 
the film was measured to be 1.05µm thick. Scale 
bar is 200µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Each of the samples showed a large amount of radial cracking and film delamination 
regardless of deposition temperature.  Based on the amount of delamination visible around 
each indent the films were assessed on the HF scale previously discussed.  All of the samples 
showed a significant amount of delamination around the indent and received an adhesion 
rating of HF5, regardless of the deposition temperature.  Radial cracking indicated that the 
films were largely brittle, but denoted little about the actual adhesion strength of the thin 
films.  Brittle films are expected to accommodate some plastic deformation by radial 
cracking rather than with plastic deformation14.  Significantly, however, no circumferential 
cracking was observed on any of the films.  This sort of cracking would indicate that the 
films, while brittle and lacking plasticity, adhered fairly well to the substrate and did not fail 
at the interface.  As shown in Figure 6.12, brittle adherent films would be expected to 
develop circumferential cracks as the underlying substrate deforms to accommodate the 
deformation but would remain attached to the substrate12.  This cracking would allow flow of 
the substrate under the film without requiring the film to plastically deform.  However, the 
film would still remain attached and cover about the same area of substrate.  This film, 
however, tended to immediately delaminate from the substrate to accommodate the 
deformation around the indent, resulting in exposure of significant areas of the substrate.  As 
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evidenced by the large amount of damage to the film around the indents, all of the films 
deposited had an unacceptably poor adhesion to the substrate. 
 
 
Figure 6.12: Deformation occurs around the indent, requiring the film to deform and crack in response.  
Adherent films crack in response to this deformation.12 
 
Delamination and cracking did not occur uniformly between every film, however; some 
films were more damaged by the Rockwell C indent than other films.   Qualitative 
comparison of the films showed that the film deposited at 100°C (ID: B082908) experienced 
the most delamination around the indent, and as shown in Figure 6.9, had the largest areas of 
delamination and the longest radial cracks.  Other films experienced less damage.  Further, as 
shown in Figure 6.2, this film was the only film to experience delamination of the film during 
the deposition process itself.  Neither composition nor thickness differences can adequately 
describe the differences between the practical adhesion strength of the film deposited at 
100°C and the other films.  Since all of the films were made from the same target of 
AlMgB14 they can all be assumed to have the same composition, and profilometry 
measurements on steps near the indent location revealed that all of the films had 
approximately the same thickness.  (See Table 6.2) 
The decreased practical adhesion strength of the film deposited at a substrate temperature 
of 100°C resulted from a decrease in adhesive strength between the film and the substrate 
rather than an increase in compressive residual stress in the film.  A substantial increase in 
residual compressive stress does not appear to be the cause for the decrease in adhesive 
strength for two reasons.  First, all of the films were made to be approximately the same 
thickness.  While residual stresses do increase with increasing film thickness, films of the 
same thickness should have similar residual stresses.  Secondly, if the residual compressive 
stresses in the films were substantially decreased by an increased substrate temperature 
during deposition, it would be expected that further increases in the practical adhesion 
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strength would be realized by depositions conducted at higher substrate temperatures.  Since 
higher temperatures would be expected to result in higher mobility of atoms in the film on 
the surface of the substrate, films deposited onto higher temperature substrates would be 
expected to relax more readily.  According to this mechanism, residual stress in the films 
would be expected to continually decrease with increasing substrate temperature.  This would 
be observed as a steady increase in the practical adhesion strength of the films.  While the 
amount of damage does appear to decrease slightly as the deposition temperature was 
increased, it changed only slightly at temperatures above 100°C.   
Rather, the decreased adhesion between the substrate and film at low temperatures 
probably resulted from decreased adhesive strength between the substrate and film.  All of 
the substrates had a thin layer of adsorbed molecules, especially water, on their surfaces as a 
result of exposure to atmospheric conditions before being placed in the deposition chamber.  
At low pressure, such as those achieved in the vacuum chamber prior to deposition, the water 
slowly desorbs form the surface of the substrate.  High temperatures expedite this process 
since the high temperatures raise the vapor pressure of the water and therefore increase the 
rate of desorption18.   As a result, substrates held at higher temperatures prior to deposition 
likely had fewer adsorbed molecules, especially water, on their surface.  At low 
temperatures, remaining adsorbed water on the surface likely interfered with bonding 
between the film and underlying substrate, resulting in the observed decreased adhesion 
strength.   
This hypothesis was tested by depositing an AlMgB14 thin film on an M2 tool steel 
substrate for six minutes to produce a film that was measured to be 0.915µm thick while 
holding the substrate temperature at about room temperature (31°C.)  After the deposition the 
film was annealed for five hours at 500°C without being taken out of the vacuum chamber.  
Adhesion strength was measured with a Rockwell C indent, and the result is shown in Figure 
6.13.  Comparison of Figure 6.13 with Figure 6.4, which shows an indent on a film deposited 
with a substrate temperature of 500°C showed that the sample that was annealed experienced 
much more damage as a result of the indent than the film that was originally deposited at the 
elevated temperature.  This result indicated that the practical adhesion strength of the former 
film was likely much lower than of the latter film.  If the adhesion were controlled by species 
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mobility at the substrate surface, however, annealing of the thin films would be expected to 
relax residual stresses in the thin films and result in improved adhesion strength so that both 
of these films would have similar adhesion strength.  This was not observed, which indicated 
that heating the substrate prior to deposition probably drives off some surface contaminants, 
resulting in the improved adhesion.   
Conversely, comparing Figure 6.13 to Figure 6.9, which was a film deposited at 100°C 
shows that the adhesion strength of the annealed film was slightly higher than the low-
temperature film so that less damage was made in the annealed film by the Rockwell C 
indent.  This indicated that some adhesion strength was due to the mobility of species at the 
surface of the substrate.  However, considering that the annealed film was still heavily 
damaged by the Rockwell indent, the surface cleaning that occurred by heating the substrate 
appeared to be the most significant factor improving thin film adhesion.   
 
 
Figure 6.13: Sample B083008.  Scale bar is 200µm.  This sample was deposited with a substrate 
temperature of 31°C and then annealed at 500°C for several hours.   
 
Of the remaining films, the ones with the least damage resulting from the indent appeared 
to be the films deposited at 400°C and 500°C.  This may have been because the slight 
increase in mobility afforded to species striking the surface of the film at these higher 
deposition temperatures allowed a small amount of stress reduction in the film due to in situ 
thermal annealing.  However, it should be noted that the Rockwell C indentation test is not a 
particularly sensitive technique for distinguishing between films with similar adhesion 
strengths.  Except for the film deposited at 100°C, all of the films appear to have similar 
93 
 
adhesion strengths.  Differences may result from small disparities in film thickness, prior 
cleaning of the substrate, or the amount of time each substrate was exposed to air between 
being cleaned and being placed in the deposition chamber.  A more sensitive technique 
would be needed to distinguish between the adhesion strengths of the films deposited at 
higher temperatures.   
 
6.3.3 Conclusions 
These results showed that it was important for the deposition of thick films 
approximately 1µm thick to deposit the films on substrates that were heated to at least 200°C 
in order to ensure that absorbed water vapor was largely removed from the surface of the 
substrate.  Even higher temperatures afford better adhesion, but the improvements in 
practical adhesion strength at high temperatures appeared modest compared to the 
improvement in adhesion obtained when the film was heated above 100°C.  Regardless of the 
deposition temperature, however, the amount of damage to the films during the Rockwell C 
indent test was severe and each film received a grade of HF5 for adhesion strength.  This 
indicated unacceptable adhesion between the film and the substrate12, 14, 15.  However, the 
films produced were only 1µm thick, which was close to the minimum acceptable film 
thickness for the coatings to impart substantial life improvement to parts.  Thinner coatings 
would have better adhesion, but would also wear away more quickly, limiting their 
effectiveness.  Therefore, simply increasing the temperature was found to be insufficient to 
improve the practical adhesion strength of AlMgB14 thin films on M2 tool steel.   
 
6.4 Effects of Ti interlayer on Thin Film Adhesion 
Several experiments have shown that the adhesion strength between a thin film and a 
substrate can be substantially improved by the use of an interlayer between the film and the 
substrate19-22.  An interlayer between a ceramic film and a metal substrate serves two 
purposes, both of which have the potential to improve the thin film adhesion.  First, an 
interlayer may be able to reduce residual stress at the thin film – metal interface19.  Most 
combinations of ceramic film and metal substrate have differing thermal expansion 
coefficients which causes residual stresses to develop at the interface as the system is heated 
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or cooled19.  Since the thermal expansion coefficient of ceramic materials is generally less 
than the thermal expansion coefficient of metallic materials, compressive stresses develop in 
the films when the system is cooled from either high deposition or working temperatures.  
However, the steel-AlMgB14 system is only minimally affected by compressive stresses 
introduced by thermal expansion mismatch between the film and substrate because of the 
relatively close match of coefficients of thermal expansion as noted in Chapter 3.  Ductile 
interlayers can also, however, reduce stress at the interface by yielding under the developed 
stress.  This allows the thin film to relax somewhat and reduces stress at the interface.   
Secondly, interlayers can improve the basic adhesive strength between the film and 
substrate, which in turn improves the practical adhesion strength of the film16.  Three 
mechanisms are responsible for improving the bond at the interface; an improved strength in 
the interlayer - film adhesion and the interlayer - substrate adhesion over the substrate-film 
adhesion, a gettering effect at the interlayer, and an improvement in the ductility of the 
interlayer that can blunt cracks propagating at the interface and prevent the film from 
delaminating19, 23.  The first effect of these three is self explanatory and requires selection of 
a material that forms strong bonds to both the film and the substrate for use as the 
interlayer19.   Specific interlayers, however, will also readily dissolve native oxides and other 
contaminants on the surface of the substrate and form particularly strong bonds between the 
film and the substrate.  For instance, at elevated temperatures oxygen dissolves readily in 
titanium metal24.  This provides a clean surface for the thin film to be deposited on, which 
results in better bonding since surface contaminants are known to result in poorer thin film 
adhesion2.  Improvement of thin film – substrate adhesion has been observed thorough 
removal of organic and other contaminants via cleaning of the substrate prior to deposition25.  
In fact, several investigators have used a plasma sputtering procedure once the substrate has 
been loaded into the vacuum chamber to clean the surface of the substrate and remove oxide 
and other surface contaminants before deposition and hence improve the adhesion strength15, 
25
.  For instance, the use of plasma sputtering has been shown to ensure that adequate 
adhesion exists between TiN thin films and steel substrates15.   The final mechanism for 
improving thin film adhesion, an improvement in interfacial toughness, can be understood 
from the perspective of brittle fracture mechanics.  Cracks introduced in brittle film-substrate 
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interfaces as a result of large applied shear stresses can easily propagate along the boundary, 
causing large regions of delamination and therefore ruin the wear prevention properties of the 
thin films.  Ductile interlayers, however, have the capacity to blunt cracks propagating along 
the film-substrate interface by plastically deforming at the crack tip.  This reduces the stress 
intensity factor at the crack tip and hinders crack propagation19.  An ideal interlayer material 
would employ each of these mechanisms in the steel-AlMgB14 system to improve the thin 
film adhesion.   
Titanium metal was chosen for investigation as an interlayer between the AlMgB14 and 
the M2 tools steel inserts for several reasons.  First, titanium is a ductile metal that can 
deform slightly under the residual stresses developed in the film, which may serve to reduce 
the shear stress at the film interface after deposition.  A ceramic interlayer, being rigid and 
brittle, would not have worked for this purpose since it would have been ineffective at 
relieving residual stresses in the thin films.  Second, titanium is known to form strong 
interfaces with steel at elevated temperatures by forming thin layers of intermetallic 
compounds26, 27.  Forming new compounds produces strong adhesion because of the chemical 
bonds formed between the two materials provides a good mechanism to produce a strong 
bond between the titanium layer and the underlying substrate.  Deposition of titanium at high 
temperatures or subsequent annealing of the titanium steel system should allow for the 
reaction between titanium and steel, forming the strong desired bond.  Finally, previous work 
has shown that titanium is an effective flux for steel surfaces and will dissolve many of the 
contaminants found on these surfaces25.  Titanium interlayers have been found to dissolve the 
native oxide on steel and chlorine contaminants on the surface, providing clean surfaces for 
further depositions25.   
 
6.4.1 Procedure  
The use of a titanium interlayer deposited prior to the AlMgB14 film using pulsed laser 
deposition was investigated as a method to improve the adhesion of the thin films to M2 tool 
steel substrates.  Several samples were made by first depositing a thin titanium layer using 
the PLD procedure described previously.  The femtosecond pulse width laser was used to 
deposit the titanium layer, and Table 6.4 summarizes the laser parameters used during the 
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deposition process.  Two configurations were attempted to subsequently deposit the AlMgB14 
layer on top of the titanium.  In the first procedure the titanium sample was placed into the 
deposition chamber, and the interlayer deposition was conducted with a substrate temperature 
of 300°C.  After the interlayer deposition, the vacuum was broken and the chamber was 
opened so that the titanium target could be replaced with an AlMgB14 target.  The deposition 
chamber was then evacuated again while the substrate was heated to 500°C.  During this step 
the substrate with the titanium layer was held at 500°C for several hours while the chamber 
was evacuated.  Finally, the AlMgB14 layer was deposited using the standard procedure for 
PLD given in Section 4.1 with the substrate maintained at 500°C and the same laser settings 
shown in Table 6.4.  The deposition of AlMgB14 was conducted for six minutes to promote 
uniform film thickness between samples.   
In the second method used to produce the multi-layer films, the titanium target was 
mounted in the center of a 1-inch diameter AlMgB14 target, and both were loaded into the 
chamber together.  Figure 6.14 shows the composite sample used to produce the multi-layer 
thin films with this process.  The substrate was heated to 300°C while the chamber was 
evacuated.  The deposition was conducted in a two-step process, during which the substrate 
was maintained at 300°C.  In the first step the laser was focused on the titanium target, and 
the titanium was ablated for a fixed period of time to produce the desired interlayer.  Next, 
the laser was refocused on the AlMgB14 target to deposit the desired thin film for six 
minutes.  In this process the second evacuation of the chamber was avoided, and the substrate 
was never heated to 500°C.  The second process saved more than five hours per sample 
compared to the first deposition process.   
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Figure 6.14: Compound target with a piece of titanium metal placed in the center of an AlMgB14 target.  
The larger disk had a diameter of 1 inch.   
 
Table 6.4: Settings on Solstice laser during depositions 
Wavelength 790nm 
Output Power 2.4W 
Pulse Duration 100fs 
Repetition Rate 1000Hz 
 
Initially, both methods were used to produce samples with a titanium interlayer using a 
deposition time of either 30 or 60 seconds for titanium.  These samples were used to compare 
the quality of samples made with the different methods.  As shown below, the first deposition 
method, which incorporated an annealing step between the deposition of the titanium and 
AlMgB14, produced a higher quality sample.  As a result, it was used exclusively to study the 
effect of varying the deposition time for the titanium interlayer on the adhesion of the 
AlMgB14 thin films.  Table 6.5 shows the titanium deposition times used to determine the 
optimum titanium layer deposition time.    
After deposition, the thickness of the thin films was characterized using a stylus 
profilometer as described previously.  The thickness of the titanium interlayer was estimated 
from this measurement by noting that the thickness of the AlMgB14 thin films after a six-
minute deposition was consistently around 1µm.  Adhesion of the thin films was 
characterized using the Rockwell C indentation method.   
 
6.4.2 Results 
Table 6.5 summarizes the titanium interlayer deposition times used for each deposition 
and the procedure used to make each film.  Procedure 1 indicates the method in which the 
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chamber was opened in the middle of the process to change the targets while procedure 2 
indicates the method in which the titanium and AlMgB14 were put in the chamber together.  
Films were made using the first method with titanium deposition times of 15, 30, 60, and 90 
seconds.  The second method was used to produce films with titanium deposition times of 30 
and 60 seconds.   
 
Table 6.5: Summary of deposition parameters used to investigate titanium interlayers 
Sample ID Titanium 
deposition time (s) 
Procedure 
Used 
Film Thickness 
(µm) 
Substrate DIN 
Score 
B090308 60 1 1.46-1.66 M2 Steel HF1-2 
B090308-2 60 2 0.65-0.79 M2 Steel HF5 
B090408 30 2 0.49-0.52 M2 Steel HF5 
B090508 30 1 1.05-1.09 M2 Steel HF2 
B090608 15 1 0.90-0.97 M2 Steel HF5 
B090708 90 1 0.800-1.09 M2 Steel HF4-5 
 
Results from the films deposited using procedure 1 differed strongly from the films 
deposited using procedure 2.  Figures 6.15 through 6.18 compare films made using different 
procedures.  Figures 6.15 and 6.17 show films that were deposited using procedure 1.  
Similarly, Figures 6.16 and 6.18 show films that were deposited using procedure 2.  
 
 
Figure 6.15: Sample B090308.  Titanium 
interlayer deposited for 60s using procedure 1. 
Scale bar is 200µm. 
 
 
Figure 6.16: Sample B090308-2.  Titanium 
interlayer deposited for 60s using procedure 2. 
Scale bar is 200µm 
99 
 
 
Figure 6.17: Sample B090508.  Titanium 
interlayer deposited for 30s using procedure 1. 
Scale bar is 200µm 
 
 
Figure 6.16: Sample B090408.  Titanium 
interlayer deposited for 30s using procedure 2. 
Scale bar is 200µm 
 
Figures 6.19 through 6.22 show results from the Rockwell C adhesion test on films that 
were made with different titanium interlayer deposition times.  Dark areas of film around 
indents are indicative of film that has become delaminated from the substrate and is sitting on 
top of the substrate.  All of the films in Figures 6.19 through 6.22 were made using procedure 
1.   
 
 
Figure 6.17: Sample B090608.  Titanium 
interlayer was deposited for 15s.  Scale bar is 
200µm. 
 
 
Figure 6.20: Sample B090508.  Titanium 
interlayer was deposited for 30s.  Scale bar is 
200µm. 
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Figure 6.21:  Sample B090308.  Titanium 
interlayer was deposited for 60s.  Scale bar is 
200µm. 
 
 
Figure 6.22: Sample B090708.  Titanium 
interlayer was deposited for 90s.  Scale bar is 
200µm
6.4.3 Discussion 
6.4.3.1 Comparison of Procedure 1 and Procedure 2 
Comparison of the indentation adhesion tests of films made using either procedure 1 or 
procedure 2 showed that differing amounts of damage occurred during the test depending 
strongly on the procedure used.  Comparing Figures 6.15 and 6.16, both of which were made 
using a titanium interlayer deposited for 60 seconds, showed that the film produced with 
procedure 1 was less damaged by the indent and adhered much better than the film produced 
with procedure 2.  However, Figures 6.17 and 6.18, both of which were produced using a 30 
second deposition time for the titanium interlayer, showed the opposite case and the film 
deposited with the second procedure actually performed better.  Differences between the 
adhesion strength of films produced with procedure 1 or procedure 2 can be explained by 
considering the thickness of the films deposited with each method and the effects of the 
annealing step at 500°C used in the first procedure, but not the second procedure.   
Table 6.5 summarizes the thickness of each film as measured with a stylus profilometer.  
A significant difference existed between the thicknesses of films produced with different 
procedures, even if the same titanium interlayer deposition time was used.  Comparing 
samples B090308 and B090308-2, the titanium layer for both samples was deposited for 60 
seconds before the AlMgB14 was deposited, showed that the former film was 117% thicker 
than the latter film.  Similarly, samples B090408 and B090508 were both produced with a 
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titanium interlayer deposited for 30 seconds, but the latter sample was 112% thicker than the 
former sample.  Both sample B090308 and sample B090508 were deposited with procedure 
1.  The large decrease in the thickness of films produced with procedure 2 resulted from the 
geometry of the target used during the deposition.  Because of the requirement that the 
vacuum not be opened between depositions for this procedure, the titanium sample was 
mounted in the center of the AlMgB14 target, producing a stepped target.  During the 
deposition of the AlMgB14, this target geometry reduced the deposition rate of the material 
because of a shadowing of the material plume from the AlMgB14 by the titanium target.  
Material removed from the target by the laser did not travel directly away from the target, but 
rather spread out into a cone.  The edge of the titanium target, because it protruded above the 
surface of the AlMgB14 target, prevented a portion of this material from reaching the 
substrate by blocking part of the material as shown in Figure 6.23.  The result was that the 
sides of the titanium target became coated with a thick layer of AlMgB14 while the amount of 
AlMgB14 reaching the substrate was reduced.  The deposition of the titanium interlayer, 
however, was not influenced by shadowing because no surfaces were above the level of the 
titanium target to shield material from the substrate.  As a result, it is reasonable to suggest 
that the amount of titanium deposited for each film was similar regardless of which 
procedure was used.  Only the deposition time of the titanium would be expected to influence 
the thickness of the interlayer.   
 
Figure 6.23: Shadowing of the AlMgB14 material removed by the laser by the titanium target.  The 
material shown in plume can reach the intended target while the material shown in red is stopped by the 
titanium target.   
 
Differences in film thickness probably accounted for the increased practical adhesion 
strength of sample B090408 compared to B090508, which each had a titanium deposition 
Titanium 
target 
AlMgB14 target 
Material 
Plume 
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time of 30 seconds.  Compressive residual stresses in thin films deposited with pulsed laser 
deposition increase as the film thickness increases, eventually resulting in delamination of 
large regions if the film becomes thick enough16.  These stresses add to the stress applied to 
the film-substrate interface during the Rockwell C indentation adhesion test and cause a 
reduction in the amount of force required to remove the film from the substrate.  Because of 
the thinness of sample B090408, which was only 0.50µm thick, it presumably had less 
residual stress at the film-substrate interface than the sample B090508 so more force was 
required to remove it from the substrate, resulting in increased practical adhesion strength.  
However, because of the decreased thickness of the film, it would be less useful as a wear 
resistant coating.  A film only 0.5µm would be quickly worn through, resulting in a rapid loss 
of its wear protective properties.  However, the marked increase in practical adhesive 
strength of sample B090308 over sample B090308-2, both of which had a titanium interlayer 
deposition time of 60 seconds, despite the fact that the former sample was twice as thick as 
the latter sample, suggested the basic adhesive strength of films produced with procedure 1 
may have been much higher than the adhesive strength of films produced with procedure 2.    
Increased thin film practical adhesive strength in sample B090308 compared to sample 
B090308-2 was probably the result of the annealing step carried out between the deposition 
steps in procedure 1.  Initially, the steel substrate material had a layer of oxide on its surface 
regardless of the cleaning procedure prior to the thin film deposition because all samples 
were exposed to air between being cleaned and being loaded into the vacuum chamber.  
Because of the geometry of the vacuum chamber, it was impossible to load the sample after it 
was cleaned without exposing it to air for some short period of time.  Cleaning the sample 
after loading it into the vacuum chamber using an in situ plasma etch was equally impossible 
due to the lack of electrical leads into the vacuum chamber to produce a plasma.  
Consequentially, an oxide layer necessarily existed on the surface of all samples. Titanium 
metal, however, is known to dissolve oxides on its surface at temperatures at or above 
500°C24.  Heating of the titanium layer prior to the deposition of the AlMgB14 allowed the 
titanium to dissolve both the oxide on the surface of the titanium and the oxide on the surface 
of the steel23.  Using secondary ion mass spectroscopy (SIMS), Bull et al showed that 
titanium metal is effective at removing not only oxygen from the surface of the substrate, but 
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also other surface contaminates such as chlorine23.  This removed the layer inhibiting strong 
adhesion between the steel and AlMgB14.  This same effect was observed when samples 
B090308 and B090308-2 were compared.  The first sample was heated after the titanium 
deposition, allowing the titanium time to dissolve the surface contaminates and present a 
clean surface for further AlMgB14 deposition.  However, because of the lack of annealing for 
the second sample, the substrate was not hot enough to allow diffusion of many surface 
contaminants into the titanium, resulting in poorer film adhesion.  As a result, a large amount 
of film delamination was observed during the Rockwell C indentation test in sample 
B090308-2 and very little in sample B090308.   
From these observations it was concluded that deposition of titanium thin films using 
procedure 1 was more advantageous than using procedure 2 for two reasons.  First, procedure 
1 produced thick films in a short period of time since no shadowing of the ablated material 
occurred.  This made the deposition process more efficient.  Second, the annealing step in 
procedure 1 was useful for possibly improving the basic adhesion strength of the thin film to 
the substrate.  The time required to produce a film via this two step process could be justified 
by the decreased damage to the film during the Rockwell C adhesion test.   
 
6.4.3.2 Comparison of Titanium Interlayer Deposition Times 
Figures 6.19 through 6.22 above show the results of the Rockwell C indentation adhesion 
test for films made with varying titanium deposition times.  Figure 6.4, showing sample 
B080708-2, shows the results of this test for a film deposited with the substrate also held at 
500°C with no titanium interlayer at all. Examination of these films revealed that at very low 
titanium deposition times the practical adhesion of the AlMgB14 thin films was worse than 
for films produced with no interlayer as in sample B080708-2.  The optical micrographs of 
these films showed that the major damage mechanism for these films was radial cracking and 
film delamination around the indent.  However, the film that delaminated was not, for the 
most part, removed from the sample, but remained attached to adherent film sitting on the 
sample surface.  Delamination of the film from samples produced with titanium interlayers 
deposited for less than 60 seconds occurred via an apparently different mechanism than 
delamination of the films deposited on thicker titanium layers or on bare steel. In films with 
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no or thick titanium interlayers, radial cracks were also observed, but the film was removed 
from the substrate in small regions rather than as larger flakes.  Further, these small regions 
were completely removed from the substrate while the larger flakes in other films remained 
associated with the film.  The change between these delamination mechanisms occurred in 
films with titanium interlayers that were deposited for about 60 seconds.  This deposition 
time also corresponded to the best practical adhesion strength as shown in Figure 6.15.   
Film damage around the indents was further assessed with a scanning electron 
microscope by examining the indents in films made with titanium interlayer deposition times 
of 30 or 90 seconds.  Figures 6.24 and 6.25 show the film around the indent made with a 30 
second titanium interlayer deposition time.  In this case, the film appeared to have been 
removed from the substrate as many long strips radiating out from the indent.  Many of the 
strips still remaining around the indent appeared to have delaminated from the substrate itself 
at the ends and still remain in the system because they were attached to the remaining film.  
In fact, some of the strips in the upper left corner of Figure 6.24 have other strips wedged 
under them, holding the loose strips in place.  This sort of delamination indicated that most of 
the failure of the films with low titanium deposition times occurred at the interface and that 
interfacial failure occurred more easily than fracture of the film.  When the material was 
indented during the adhesion test, the plastic flow of the substrate around the indenter created 
some curvature in the substrate.  The film in Figures 6.24 and 6.25 delaminated at the 
interface in response to this deformation and remained cantilevered out over the top of the 
curvature in the substrate.  Overall, this response indicated that the cohesive strength of the 
thin film exceeded the adhesive strength at the interface, resulting in the failure observed in 
Figures 6.24 and 6.25.  
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Figure 6.24: Damage to film surrounding and 
indent made on a film with a titanium interlayer 
deposition time of 30 s. 
 
 
Figure 6.25: At higher magnification the pieces 
of film remaining attached around the indent 
appear to be delaminated from the film itself 
and cantilevered out over the edge of the film. 
 
Figures 6.26 and 6.27 show the damage around the film deposited with a 90 second 
titanium interlayer deposition time.  These figures show that the film, rather than failing 
immediately at the interface, failed mostly by buckling around the indent.  In order for 
buckling to be the major failure mode, the force had to be applied to both sides of the film 
around the buckle.  If, as seen in Figures 6.24 and 6.25, the interface between the film and 
the substrate had easily failed this could not have happened, and the end result would have 
been failure of the film in Figure 6.26 occurring by the same mechanism as in Figure 6.24.  
Applying the force to the film to cause it to buckle required that the interface be strong 
enough to support that force, possibly indicating higher adhesion strength between the film 
and the substrate for films made with long titanium depositions.  
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Figure 6.26: Damage to film surrounding and 
indent made on a film with a titanium interlayer 
deposition time of 90 s. 
 
Figure 6.27: At higher magnification the film 
around the indent is seen to have failed by 
buckling in nearly concentric rings around the 
indent.  
 
The switch between delamination types probably occurred as a result of a switch between 
a brittle, non-adherent interlayer and a more ductile, adherent interlayer.  During the 
Rockwell C indentation test, material is pushed up around the indenter, giving it some 
curvature.  Large flakes produced in adhesion tests of the thin titanium interlayers indicated 
that the deformation of the substrate during the test was best accommodated by failure at the 
interface.  The large amount of film delaminated as large flakes showed the adhesion strength 
was probably low and most likely that cracks propagated easily at the interface as a result of 
a relatively brittle interface.  Conversely, samples with titanium interlayers that were 
deposited for a longer amount of time were observed to accommodate the substrate 
deformation mostly by both radial and circumferential cracking and some additional 
delamination.  However, only small fragments delaminated in any one spot, which indicated 
that the film must have cracked above and below the delaminated region to allow it to be 
removed from the film.  The small amount of film delaminated showed the adhesion strength 
was likely high.  Both the small area delaminated and the observed buckling in Figures 6.26 
and 6.27 suggested that cracks propagated much more poorly along the interface, possibly as 
a result of higher adhesion strength and a more ductile interface.  Wear-resistant films that 
fail by this mechanism have better adhesion and probably offer better wear protection.   
Comparing Figures 6.21 and 6.22 showed that as the titanium interlayer deposition time 
increased at long titanium deposition times, the amount of delamination that occurred in the 
film increased.  Most likely this was because the thicker layers of titanium were more ductile 
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than the thinner layers and so deformed more during the indentation test.  The film was then 
required to accommodate this larger deformation and so suffered more damage than thinner 
films with interlayers that deformed less.  Figures 6.19 and 6.20, however, showed that the 
amount of delamination also increased with decreasing titanium deposition times at short 
titanium deposition times.  Thin titanium layers probably reacted with the surface 
contaminants on the surface of the steel substrate to produce a brittle phase with poor 
adhesion.  The small amount of titanium was probably insufficient to both absorb all of the 
surface contaminants and react sufficiently with the steel to produce a strong interface.  More 
titanium solved this problem, providing enough material for the titanium to both absorb all of 
the surface contaminants and react with the steel.  However, at long deposition times excess 
titanium metal was deposited, which never reacted, but rather remained very ductile and 
resulted in the damage seen in films produced with long deposition times.   Sample B090308, 
which had an intermediate titanium deposition time of 60 seconds, produced a compromise 
between these two effects and therefore the best adhesion.   
 
6.5 Brief Analysis of Ti-AlMgB14 interface 
The improved practical adhesion between the wear resistant AlMgB14 thin films and steel 
substrates as a result of the deposition of a thin titanium interlayer was possibly the result of 
improved bonding at the interface due to an alteration of the chemistry at the interface.  
Bonding between titanium and iron involves first the absorption of the contaminants on the 
surface of the iron and then a reaction between the iron and the steel to form intermetallic 
compounds26, 27.  Formation of these compounds produces strong adhesion at interfaces 
because of the many chemical bonds that occur as a result.  However, bonding between the 
titanium interlayer and the AlMgB14 layer has not been similarly characterized.  As discussed 
in Chapter 3, diffusion experiments involving titanium-AlMgB14 diffusion couples showed 
that after heating the diffusion couple to 1200°C for two hours the titanium and AlMgB14 
completely separated.  Similar experiments between AlMgB14 and iron showed that these 
two metals actually diffused into each other28.  This result suggested that the adhesion of 
AlMgB14 films would be decreased by the insertion of a titanium interlayer because of the 
expected separation of the two materials.  However, the previous results showed that the 
opposite was in fact the case.  To better understand the improvement in adhesion strength 
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with the titanium interlayer, titanium metal was deposited under the same conditions as 
above for 60 seconds on a glass slide at a substrate temperature of 300°C.  This was followed 
by the titanium target being replaced with an AlMgB14 target and AlMgB14 material being 
deposited for 60 seconds with the substrate held at 500°C.  X-ray diffraction was used to 
study this interface and a particularly thin layer of AlMgB14 was deposited to ensure that x-
rays could reach the Ti-AlMgB14 interface.  Glass was chosen as the substrate material 
because it was amorphous and therefore would not contribute peaks to the diffraction pattern.  
Figure 6.28 shows the measured x-ray diffraction pattern.   
 
 
Figure 6.28: X-Ray diffraction pattern for thin film with titanium interlayer deposited on glass.  Both 
titanium peaks and TiB peaks were observed in the spectrum.  The relatively low intensity from the 
crystalline peaks indicates that the crystal size at the interface is small.  
 
Figure 6.28 shows that both titanium and TiB peaks were observed in the diffraction 
pattern.  Titanium peaks were explained as titanium at the interface that had absorbed the 
surface contaminants but did not react to form a different compound.  All of the peaks for 
titanium were observed to be shifted by a small amount to a lower angle, which is accounted 
for by the large amount of impurities absorbed by the metal.  These would have increased the 
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lattice parameter of the titanium and therefore shifted the diffraction peaks to lower angles.  
TiB peaks, however, represented titanium that had reacted with boron to form the compound.  
This explains why the adhesion strength was observed to increase by depositing a layer of 
titanium metal.  At 500°C the titanium metal was hot enough to react with the energetic 
boron species in the material plume to form the new TiB phase.  It is possible that the boron 
in the nanoparticles formed in the material plume when the target was ablated by the 
femtosecond laser may have had many unfilled bonds that could readily cause the boron to 
react with the titanium to form TiB at the interface.  This chemical reaction improved the 
adhesion strength of the thin film.   
TiB was also observed to form in films deposited on steel substrates.  An X-ray 
diffraction pattern was measured for an AlMgB14 thin film, sample B090308, deposited for 
six minutes on an M2 tool steel substrate.  A titanium interlayer was deposited on this sample 
for 60 seconds before the AlMgB14 was deposited.  Figure 6.29 shows both the measured x-
ray diffraction pattern from the uncoated M2 tool steel substrate and the coated substrate.  
Several new peaks were observed for the pattern taken from the coated vane.  These were 
found to correspond to both titanium metal and TiB, which supports the conclusions drawn 
from the film deposited on the glass slide.   
 
 
Figure 6.29: X-ray diffraction pattern of film deposited onto M2 steel substrate.  Prior to deposition a 
titanium interlayer was deposited for 60 seconds.  Several peaks corresponding to titanium metal and TiB 
were observed.   
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6.6 Conclusions 
Interfacial adhesion strength between thin films and metal substrates is important since 
films must remain adherent to the substrate to offer wear protection to the underlying metal.  
The effects on the practical adhesion strength of substrate temperature during deposition and 
a titanium interlayer were investigated.  Substrate temperature during the deposition process 
was found to have a minimal influence on film adhesion so long as the substrate was 
maintained above 100°C during the deposition.  Films deposited on substrates held at lower 
temperatures had relatively low practical adhesion strength probably as a result of surface 
contaminants on the substrate.  Most likely, heating the substrates above 100°C substantially 
improved adhesion strength by driving surface contaminants off the surface of the substrate 
and further increase in substrate temperature had much less effect on the film adhesion.   
Remarkably, improved practical film adhesion was achieved by depositing a titanium 
interlayer between the steel and the AlMgB14 film.  Stronger adhesion was possibly achieved 
through chemical reactions between the titanium and both the steel and AlMgB14.  The 
former was known to react with the titanium to form intermetallic compounds at the 
interface, resulting in potentially strong chemical bonds.  The latter was found to behave 
similarly, and react chemically with the titanium to from TiB, also resulting in strong 
chemical bonds.  Titanium further acts as a flux material, cleaning the surface of the steel 
prior to the deposition of the wear resistant thin film.  Taken together, the reactions of the 
titanium with both the film and substrate and its ability to clean the substrate in situ resulted 
in substantially improved adhesion strength.  These results indicated that the most adherent 
and damage tolerant films could be produced by the use of an interlayer to improve the 
bonding between the substrate and film.   
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Chapter 7: Conclusions and Suggestions for Further Work 
7.1 General Conclusions 
Pulsed laser deposition was found to be a viable method to produce AlMgB14 thin films 
from bulk ceramic targets.  Several goals were defined for these films in terms of 
morphological properties, and each was addressed.  These goals were pursued to find 
methods to produce thick films at least 1µm thick with strong practical adhesive strength.  
Film production used either a nanosecond pulsed laser or femtosecond pulsed laser.  Despite 
these lasers having similar average output power, they were found to produce very different 
film structures.  Both film morphology and deposition rate of films produced with each laser 
were investigated to determine the better laser to use for the deposition of thin films.  Further, 
the possibility of producing smooth films with each laser was investigated.  Finally, the film 
adhesion was characterized using the DIN Rockwell C indentation test and methods were 
investigated to improve the adhesion of the thin films.  Two possible methods were 
considered to improve the adhesion strength: increasing the substrate temperature during the 
deposition process and depositing a titanium interlayer between the steel substrate and the 
AlMgB14 layer.   
Films produced with the femtosecond laser were determined to be superior to films 
produced with the nanosecond laser.  The femtosecond laser tended to produce films 
completely composed of small nanoparticles less than a few tenths of micrometers in 
diameter stacked on top of each other.  This morphology was concluded to be an 
improvement the morphology of thin films produced with the nanosecond laser.  Rather than 
producing a film of small particles, the nanosecond laser was found to produce smooth films 
with many large particles with diameters over one to five micrometers scattered over the 
film.  While these particles could be eliminated by depositing thin films at low laser energies, 
such films were found to have incomplete coverage with several pin holes in the film.  On the 
other hand, if the large particles were allowed to remain, they would be easily removed and 
damage the film when removed.  The much smaller particles produced with the nanosecond 
laser were not believed to have this problem.  Further, films deposited with the femtosecond 
laser enjoyed a higher film deposition rate.  Using the femtosecond laser, films were rapidly 
deposited, and a film about one micrometer thick could be deposited in about 6 minutes.  On 
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the other hand, at energies sufficiently low to produce particle-free films with the nanosecond 
laser, films were deposited at a rate 100 times slower.  This was attributed to the fact that the 
repetition rate of the femtosecond laser was 1000Hz compared to the 10Hz of the nanosecond 
laser.  In fact, similar deposition rates were observed per pulse for each laser.  Overall, the 
femtosecond laser was concluded to be more effective at producing AlMgB14 thin films 
because of both the lack of large particles in films and the much higher deposition rate.   
The deposition rate of films using the femtosecond laser, however, was observed to 
decrease as the deposition time increased.  After an initial running-in period during which the 
deposition rate decreased dramatically, the deposition rate was found to decrease slowly with 
ablation time.  The running-in period corresponded to surface alterations by the laser during 
the ablation process.  After ablation, the target was found to be much rougher than the 
original smooth surface, and this rough surface was found to ablate less efficiently.  As a 
result, it was concluded that scanning the laser across the surface of the sample was essential 
to produce moderately thick films.  Scanning meant that the material being ablated was 
always at least moderately smooth and so ablated faster.  Unfortunately, the steady decrease 
in deposition rate at long times suggested that the films would reach a maximum thickness.  
Obviously, the effectiveness of the film for future wear protection applications will be 
compromised if the maximum thickness of the film is lower than the thickness necessary for 
the application.   
Methods to produce smooth films using the femtosecond laser were also investigated.  
The most promising method to alter the size of nanoparticles deposited on the film was found 
to be using the interferometer arrangement described in Chapter 5 to produce a double pulse 
with one pulse delayed about 75ps with respect to the other pulse.  This method reduced the 
RMS surface roughness of the thin films by about 37% with a corresponding decrease in 
average particle size.  However, this method was unsuccessful at completely eliminating the 
nanoparticles, which was attributed to the fact that the second pulse did not last long enough 
to prevent their formation.  Increasing the substrate temperature during the deposition 
process was found to be even less effective at altering the surface roughness of the thin film 
and had no effect on the surface roughness.  Therefore, it was concluded that depositing 
smooth thin films using the femtosecond laser could not be accomplished with the 
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configuration used in this lab.  As described in Chapter 3, increasing the laser energy 
substantially beyond a critical energy density may result in smooth films, but that energy 
could not be obtained for AlMgB14 with the laser used.   Despite this limitation it was 
concluded that, because of the larger deposition rate attainable with the femtosecond pulsed 
laser, it was the better laser for producing thin films.   
Adhesion of the AlMgB14 was also investigated, and it was concluded that a titanium 
interlayer between the steel substrate and AlMgB14 film was needed to produce thick, 
adherent films.  The effects of both substrate temperature and the use of a titanium interlayer 
were investigated, but the substrate temperature was found to have a negligible effect on the 
adhesion.  Substrate temperature was found to have a significant influence on the adhesion 
only if the temperature of the substrate was maintained at less than 100°C during the 
deposition.  At less than 100°C the film adhesion was substantially poorer than above 100°C.  
However, as temperature was increased beyond 200°C, the practical adhesion was not 
observed to improve markedly.  The improved adhesion resulting from heating the substrate 
to at least 100°C was attributed to an improvement in the cleanliness of the substrate after 
heating to this temperature rather than to an increase in species mobility with increased 
temperature.  Rather, it was concluded that because the material condensed into nanoparticles 
before striking the substrate surface, individual particles were not free to move around on the 
substrate and improve adhesion at the temperatures investigated.   
The titanium interlayer, however, was found to react and form new compounds between 
both the film and the substrate so that the overall adhesion was probably improved.  
Annealing the titanium interlayer between deposition of the titanium and AlMgB14 layers 
was found to significantly improve the practical adhesion of the thin films.  Compared to 
films that had not been annealed at 500°C for several hours, films that had been annealed had 
better adhesion.  This observation was attributed to the fact that at this temperature titanium 
dissolves contaminants on the surface of the steel, providing a cleaner surface for AlMgB14 
adherence.  The optimum deposition time for a titanium layer was found to be about 60 
seconds, which resulted in a titanium film thickness of about 0.31µm.  Apparently, this 
thickness of titanium provided just enough material to form bonds to both the steel and the 
AlMgB14; greater titanium layer thickness conferred no additional advantage.  
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Based on these conclusions, the best general procedure was concluded to involve use of 
the femtosecond laser deposit and anneal a titanium interlayer prior to the deposition of a 
1µm-thick AlMgB14 film.  This can be used to produce a relatively smooth, thick film.  To 
ensure good adhesion between the film and the substrate both depositing the titanium 
interlayer and maintaining the substrate temperature above 100°C during the deposition were 
found to be important.  Use of any methods to reduce the surface roughness of the thin films 
was not concluded to be necessary because of the relatively small improvements in surface 
roughness that could be attained.  Smooth films could not be deposited with the femtosecond 
laser, and particle size could be reduced by only 38%, which was a modest improvement.  
This small improvement should not affect the overall performance of the thin films, and so 
the extra steps to improve surface roughness can be eliminated.   
 
7.2 Suggestions for Future Work 
In this project only the improvement of AlMgB14 thin films was considered, but past 
work on additives to AlMgB14 bulk materials has shown that the hardness of the material 
could be increased by additions of 60-70% TiB2 by volume as a second phase.  This alloyed 
material has been observed to have a hardness of up to 46GPa.  Several questions concerning 
thin films made from this material have yet to be addressed.  First, the adhesion of these thin 
films on steel substrates should be investigated.  These films should be investigated not only 
as deposited from femtosecond lasers, but also from nanosecond lasers.  Questions that could 
be addressed with thin films of this material include unknowns about both its processing 
characteristics and structure.  Along the processing characteristics, the deposition rate of the 
alloyed material could be investigated and compared with the deposition rate of pure 
AlMgB14.  While these materials are similar, the deposition rate of the alloyed material may 
be either higher or lower depending on the absorption of the laser by the introduced TiB2 
phase.  Further, whether the same methods to produce adherent thin films of AlMgB14 result 
in adherent thin films of the alloy could be investigated.  For instance, the use of titanium 
interlayers to improve film adhesion and whether similar compounds form at the interfaces to 
promote adhesion could be investigated.   
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Microstructural differences between the AlMgB14 films and AlMgB14+TiB2 films could 
also be investigated.  Evidence collected in past experiments has shown that the AlMgB14 
films were amorphous and remained amorphous until heated to 1000°C for at least two 
hours.  However, the observation of TiB in films with titanium interlayers suggests that TiB2 
may crystallize under lower temperature conditions than AlMgB14.  In fact, one x-ray 
diffraction pattern on a film of AlMgB14+TiB2 showed that the TiB2 may form small 
crystallites in the film under normal deposition conditions.  (Figure 7.1.)  These small 
crystallites may be effective at increasing the hardness of the thin films even beyond the 
hardness of the bulk material1.  Investigation of these crystallites in the thin films could be 
important in future studies.  This new composition may be the next important step in 
increasing the surface hardness of steel parts.   
 
 
Figure 7.1: X-Ray diffraction pattern of a mixed phase thin film deposited on a glass slide.  Several peaks 
for TiB2 were clearly observed in the diffraction pattern, indicating that it is present as crystalline 
material in the film.  The broad “hump” between 15° and 35° 2θ is thought to result mostly from the 
amorphous slide.   
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